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Abstract
To meet the requirements of consumers and to provide them with a greater quality of experience
than existing systems do is a key issue for the success of modern multimedia systems. However, the
question about an optimized quality of experience becomes more andmore complex as technological
systems are evolving and several systems are merged into new ones, e.g. systems for mobile 3D
television and video. To be able to optimize critical components of a system under development
with as little perceptual errors as possible, user studies are conducted throughout the whole process.
A variety of research methods for diUerent purposes have been provided by standardization bodies
since the 1970s. These methods allow researchers to evaluate the hedonic excellence of a set of
test stimuli. However, a broader view to quality has been taken recently to be able to evaluate
quality beyond its hedonic excellence to obtain a greater knowledge about perceived quality and its
subjective quality factors that impact on the user.
The goal of this thesis is twofold. The primary goal is the development of a validated mixed-
methods research approach for audiovisual quality evaluations. The method shall allow collecting
quantitative and descriptive data during the experiment to combine evaluation of hedonic excellence
and the elicitation of underlying subjective quality factors. The second goal is the application of the
developed method within a series of studies in the domain of mobile 3D video and television to
show its applicability.
Open ProVling of Quality (OPQ) is a mixed-methods research approach which combines a quan-
titative, psychoperceptual evaluation of hedonic excellence and a descriptive sensory analysis of
underlying quality factors based on naïve participants’ individual vocabulary. This combination
allows deVning the excellence of overall quality, understanding the characteristics of quality per-
ception, and, eventually, constructing a link between preferences and quality attributes. The method
was developed under constructive research with respect to validity and reliability of test results. A
series of quality evaluation studies with more than 300 test participants was conducted along dif-
ferent critical components of a system for optimized mobile 3DTV content delivery over DVB-H.
The results complemented each other, and, even more importantly, quantitative quality preferences
were explained by sensory descriptions in all studies.
Beyond the development of OPQ, the thesis proposes further research approaches, e.g. a con-
ventional proVling in which OPQ’s individual vacobulary is substituted by a Vxed set of Quality of
Experience components or Descriptive Sorted Napping which combines a sorting task and a short
post-task interview. All approaches are compared to Open ProVling of Quality at the end of the
thesis. To be able to holistically contrast strengths and weaknesses of each method, a comparison
model for audiovisual evaluation methods was developed and a Vrst conceptual operationalization
of the model was applied in the comparison.
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Kurzfassung
Den Anforderungen der Konsumenten gerecht zu werden und ihnen eine immer besser werdende
Quality of Experience zu bieten, ist eine der großen Herausforderungen jeder Neuentwicklung im
Bereich der Multimediasysteme. Doch proportional zur technischen Komplexität neuer Systeme,
in denen Komponenten unterschiedlicher Technologien zu neuen System wie zum Beispiel mo-
bilem 3D-Fernsehen verschmolzen werden, steigt auch die Frage, wie eine optimierte Quality of
Experience eigentlich zu erreichen ist. Daher werden seit langer Zeit Nutzertests zur subjektiven
Qualitätsbewertung durchgeführt. Deren Ziel über den gesamten Entwcklungsprozesses ist es, die
kritischen Komponenten des Systems mit so wenig wie möglich wahrnehmbarem EinWuss auf die
wahrgenommene Qualität des Nutzers zu optimieren. Bereits seit den 1970er Jahren werden hi-
erfür Leitfäden verschiedener Standardisierungsgremien zur Verfügung gestellt, in denen unter-
schiedliche Evaluationsmethoden deVniert sind, um die wahrgenommene Gesamtqualität des Sys-
tems mit Hilfe von Skalen quantitativ evaluieren zu können. Aktuelle Ansätze erweitern diese klas-
sische Methoden um Sichtweise, die über die klassische Evaluation hedonistischer Gesamtqualität
hinausgehen, um das Wissen über individuell zugrundeliegende Qualitätsfaktoren zu erweitern.
Die vorliegende Dissertation verfolgt dabei zwei Ziele. Zum einen soll eine audiovisuelle Evalua-
tionsmethode entwickelt werden, die eine kombinierte Analyse quantitativer und qualitativer Daten
ermöglicht, um eine Verknüpfung hedonistischer Qualität und zugrundeliegender Qualitätsfaktoren
zu ermöglichen. Weiter soll diese Methode innerhalb des Gebiets der mobiler 3DTV-Systeme er-
probt und validiert werden.
Open ProVling of Quality (OPQ) als Evaluationsmethode kombiniert quantitative Evaluation wahr-
genommener Gesamtqualität und deskriptive, sensorische Analyse zur Erhebung individueller Qua-
litätsfaktoren. Die Methode ist für Erhebungen mit naïven Probanden geeignet. OPQ wurde unter
besonderer Beachtung von Validität und Reliabilität in einem konstruktivem Ansatz entwickelt und
in einer Folge von Studien während der Entwicklung eines mobilem 3DTV-Systems mit über 300
Probanden angewendet. Die Ergebnisse dieser Studien unterstreichen die sich ergänzenden Ergeb-
nisse quantitativer und sensorischer Analysen.
Neben der Entwicklung von OPQwerden in der vorliegenden Arbeit weitere Ansätze sensorischer
Analyse präsentiert und miteinander verglichen. Gerade dieser Vergleich ist ein wichtiger Be-
standteil der Validierung der OPQ-Methode. Um die Stärken und Schwächen jeder Methode ganz-
heitlich erfassen und vergleichen zu können, wurde hierfür ein Methodenvergleichsmodell entwick-
elt und operationalisiert, das den methodischen Beitrag der Arbeit vervollständigt.
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1. Introduction
1.1. Background
To become successful, new multimedia systems and services need to meet the user requirements,
oUer pleasurable experiences, and provide higher quality than the existing systems. At the same
time, audiovisual systems are becoming more and more complex as technological progress provides
new possibilities of presenting content. For example, audiovisual 3D on portable devices requires a
high level of optimization of technical resources to handle huge amounts of data, with possible lim-
itations due to transmission channel and device constraints like display size or calculation power.
This variation can result in perceivable heterogeneous impairments in the production chain from
content capturing to display techniques, ultimately impacting the user’s perception of quality. To
assess the experienced quality of these novel systems and services, subjective audiovisual quality
evaluation experiments are conducted. Subjective quality evaluation is based on human judgments
of various aspects of experienced material based on perceptual processes. These quality percep-
tions encompass both low-level sensorial and high-level cognitive processing, including knowledge,
emotions, attitudes, and expectations. Since the 1970s, recommendations for video quality evalu-
ations have oUered a strong basis for assessing one dimension of quality: its hedonic excellence.
Recently, a broader view of quality has been taken by covering other aspects of active percep-
tion in the evaluations, including knowledge, diUerent levels of human information processing, and
even contextual behavior. Although these evaluations have made a signiVcant contribution for un-
derstanding quality, they are still limited to the investigation of quantitative quality preferences.
Subjective impressions, interpretations, and experiences as factors to explain and understand the
results (constructed in the evaluations of diUerent system factors) beyond the excellence are rarely
considered, in part because of a lack of reliable explorative instruments for tackling the descriptive
characteristics of quality or, even more ambitiously, relating quality preferences and descriptions.
A few previous attempts have been suggested to those concerned with multimedia quality, but they
have constraints in terms of accuracy, complexity, required type of assessors, unimodal evaluations,
or their emphasis on qualitative methods only.
1.2. Objectives and scope
The main research problem of this thesis concerns methodological nature and is related to the
development of a mixed methods research approach for audiovisual quality assessment. The under-
lying research question was formulated as follows: “How can quantitative and descriptive data
collected in audiovisual quality assessment be combined into a mixed-methods research
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approach applicable for quality evaluations with naïve assessors?” From that main research
question, two supplementary research questions arose: 1) How can individual quality attributes be
generalized to general components of Quality of Experience? 2) How can audiovisual mixed-methods
research approaches be compared systematically to determine the strengths and weaknesses of each
method? A third supplementary research question relates to the exploratory application of the de-
veloped research method in a constructive research approach to study the critical components of a
mobile 3D television system: “Which are the critical quality factors in mobile 3D video and television,
and how do they impact the overall Quality of Experience of the system?”
Scope The scope of the thesis is multidisciplinary. The development of Open ProVling of Qual-
ity belongs mainly to the wide Veld of sensory evaluations that originally stemmed from the food
sciences. The methods of descriptive quality evaluations in which verbal descriptors are applied
to evaluate individual perceived quality are therefore regarded to be among the most sophisticated
research approaches. They have been widely used in the domain of food sciences and were later
adapted to other methods of research, for example, audio evaluations. Thus, the scope of this thesis
lies in the identiVcation of potential research methods, including aspects of data collection methods
of analysis and the adaptation of a suitable method to the Veld of audiovisual quality evaluation.
The secondary scope of the thesis applies to the Veld of multimedia engineering in which subjective
quality evaluations play a crucial role for the optimization of systems during the development pro-
cess. The practical work during the thesis was done for the development of MOBILE3DTV, a system
for user-optimized transmission of stereoscopic videos over DVB-H. The studies were planned in
a multidisciplinary team who collaborated along the production chain of the system, ranging from
capturing, coding, and transmission to the development of a prototype end-to-end system.
Research method Open ProVling of Quality was developed in constructive research. Kasanen
et al. [1] describe this constructive approach to a research problem by six subsequent steps of re-
search:
1. “Find a practically relevant problem which also has research potential.
2. Obtain a general and comprehensive understanding of the topic.
3. Innovate, i.e., construct a solution idea.
4. Demonstrate that the solution works.
5. Show the theoretical connections and the research contribution of the solution concept.
6. Examine the scope of applicability of the solution.”
The constructive research approach chosen for this thesis follows these steps which are also
represented within the structure of the work. First, the motivation to extend existing research
methods towards understanding of underlying quality rationales deVnes the relevant problem for
the approach. The literature review identiVed shortcomings in the currently available methods
for audiovisual quality evaluations and deVnes methods and applications of sensory evaluation in
2
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the Veld of food sciences. The results of the literature review lead to the development of Open
ProVling of Quality as the central innovation of the constructive approach. The method was then
tested within a series of studies into system optimization tasks during the system development of
MOBILE3DTV, a system for optimized stereoscopic content delivery over DVB-H [209, 210]. Each
study targeted a methodological validation problem of the OPQ method as well as an application-
related research question within the system development process. All studies were conducted along
the production chain of MOBILE3DTV which assured variation of quality parameters and related
impact by noticable impairments on quality in the level of coding, transmission, and display. During
the examination of the scope of applicability of OPQ with respect to aspects of reliability supple-
mentary methodology-related research questions were identiVed. These supplementary questions
led to the development of the Extended-OPQ approach and the comparison model for audiovisual
quality evaluation methods.
1.3. Contribution of the author
The author’s contribution in relation to the thesis is twofold. First, the author introduced Open
ProVling of Quality as a mixed-methods research approach to the Veld of audiovisual quality eval-
uation. Second, the application of OPQ in the research area of mobile 3D television and media has
deepened the understanding of critical components for a Mobile3DTV system.
Open ProVling of Quality (OPQ) and its extensions and adaptations are the contributions in the
methodological part of the thesis. The author proposes a well-validated mixed research method
which in constructive research within six studies with more than 300 test participants. Throughout
the development process, diUerent approaches from data collection to data analysis were studied
and compared to each other for a careful validation of the method and reliability of the test results.
Thus, OPQ is presented as a mixed research method that extends the common approaches of sub-
jective quality evaluation with a descriptive analysis approach based on sensory evaluation. The
method allows for a quantitative analysis of quality preferences, a descriptive analysis for evalu-
ation of underlying quality factors, and a possibility of linking preferences and quality factors in
a combined analysis. The method is designed to be applicable for naïve test participants. Eventu-
ally, it completes the current research approach of user-centered quality of experience evaluation
in which the development was embedded. Open ProVling of Quality has been compared to related
research methods, and the Vnal method was proposed for standardization to ITU-T SG12 as part
of the UC-QoE framework. Beyond the development of the research method, crucial shortcomings
were identiVed, leading to additional contributions in terms of research methods. First, the candi-
date proposes an Extended-OPQ approach that allows deriving general components of quality of
experience from the individuals’ sensory data collected in a series of studies. As a Vrst example
of operationalization of the developed terminology, another adaptation of OPQ was developed and
evaluated in which the developed components are used as Vxed vocabulary for sensory evaluation.
Second, the need for a holistic comparison of related research methods led to the development of a
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holistic comparison model for subjective quality evaluation methods. Within this thesis, this model
is presented, and a Vrst operationalization towards a tool for method comparison is introduced.
The application of Open ProVling of Quality in the development of a mobile 3D video broadcast-
ing system represents a systematic analysis of the system’s critical components along the production
chain of mobile 3D television. This application fulVlls the demand for sensory evaluations to be ap-
plied on a holistic evaluation of a research problem studying the problem from several perspectives.
The results of the OPQ studies have deepened the understanding about subjective quality of mobile
3D video and television. SpeciVcally, the author’s contribution has guided the development towards
a quality-optimized Mobile3DTV system development. In general, the results of the studies iden-
tiVed artifact-free video perception as the key requirement for good mobile 3D video quality. The
author showed that depth is only perceived as a positive quality factor if the video is artifact-free.
Beyond that, the author identiVed diUerent processing patterns of audiovisual perception and un-
derscores the importance for better characterization of test samples beyond measurements of visual
abilities and hearing levels.
1.4. Related publications by the author
The following original publications of the author are the core publications on which this thesis is
based. For each publication, a short overview of the contribution of the author to the manuscript is
given in appendix A. A complete list of publications including all supplementary publications can
be found in the Own References on page 156.
Peer-reviewed journal publications
P1 D. Strohmeier, S. Jumisko-Pyykkö, and K. Kunze, “Open ProVling of Quality: A Mixed Method
Approach to Understanding Multimodal Quality Perception,” Advances in Multimedia, vol.
2010, Article ID 658980, 28 pages, 2010.
P2 D. Strohmeier, S. Jumisko-Pyykkö, and K. Kunze, M. O. Bici, “The Extended-OPQ method for
User-centered Quality of Experience evaluation: A study for mobile 3D video broadcasting
over DVB-H,” special issue “Quality of Multimedia Experience”, EURASIP Journal on Image
and Video Processing, vol. 2011, Article ID 538294, 24 pages, 2011.
P3 A. Gotchev, G. B. Akar, T. Capin, D. Strohmeier, A. Boev, “Three-Dimensional Media for Mo-
bile Devices”, Proceedings of the IEEE, Vol. 99, No. 4, pp. 708-741, April 2011.
Conference publications
P4 D. Strohmeier, S. Jumisko-Pyykkö, K. Eulenberg, “Open ProVling of Quality: Probing the
Method in the Context of Use,” Proc. of the International Workshop on Quality of Multimedia
Experience (QoMEX 2011), Mechelen, Belgium, Sept. 2011
P5 K. Kunze, D. Strohmeier, S. Jumisko-Pyykkö “Comparison of two Mixed Methods Approaches
for Multimodal Quality Evaluations: Open ProVling of Quality and Conventional ProVling,”
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Proc. of the International Workshop on Quality of Multimedia Experience (QoMEX 2011),
Mechelen, Belgium, Sept. 2011
P6 D. Strohmeier, S. Jumisko-Pyykkö, U. Reiter, “ProVling experienced quality factors of audiovi-
sual 3D perception,” Proc. of the InternationalWorkshop on Quality of Multimedia Experience
(QoMEX 2010), Trondheim, Norway, June 2010
P7 D. Strohmeier, G. Tech “Sharp, bright, three-dimensional: open proVling of quality for mobile
3DTV coding methods,” in Proc. “Multimedia on Mobile Devices” as part of the SPIE Elec-
tronic Imaging Conf. 2010, Multimedia on Mobile Devices at Electronic Imaging 2010, San
Jose, California, USA, Jan. 2010
P8 S. Jumisko-Pyykkö, D. Strohmeier, T. Utriainen, K. Kunze, “Descriptive Quality of Experience
for Mobile 3D Video”, in Proc. of the 6th Nordic Conference on Human-Computer Interaction
(nordiCHI), Reykjavik, Iceland, 2010
1.5. Structure of the thesis
The thesis consists of seven chapters structured in three main parts. The structure is as follows. The
Vrst part (chapter 2, chapter 3, chapter 4) introduces Open ProVling of Quality as a well-validated
mixed-methods research approach for audiovisual quality evaluations. Chapter 2 reviews the exist-
ing research methods for subjective quality evaluations. The author introduces the User-Centered
Quality of Experience evaluation framework in which the development of the Open ProVling of
Quality has been embedded. Further, this section presents subjective quality assessment methods
ranging from standardized, quantitative methods to modern approaches of descriptive and mixed-
methods research. Chapter 3 includes the methodological development and description of Open
ProVling of Quality as a new tool for audiovisual mixed-methods research. The detailed method-
ological descriptions consider all steps of an OPQ study and introduce diUerent approaches to con-
ducting the study and analyzing the results. This section is important in establishing the validity of
the OPQ. Chapter 4 Vnalizes the Vrst part of the thesis. It includes four fully reported OPQ studies
conducted on subjective quality evaluations of mobile 3D television and video. The application of
OPQ to diUerent research questions aXrms the reliability and validity of the tool and Vnalizes the
presentation of OPQ as a research tool for mixed-methods quality evaluations.
The second part in chapter 5 of the thesis presents the Extended-OPQ method. This extension
of the OPQ method allows for developing general components of Quality of Experience from the
individual vocabulary collected in a series of OPQ studies. The methodological presentation of the
component model is followed by the presentation of a study in which OPQ was compared to the
results of conventional proVling, in which these general components were used instead of individual
vocabulary.
As a last part of the thesis, chapter 6 compares Open ProVling of Quality to related methods of
descriptive, mixed-methods quality evaluations. The methods under comparison have been chosen
and adapted from methods identiVed in the state-of-the-art review in part 1 of this work. The
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comparison of methods is based on a comparison model that allows for a holistic comparison of
related research methods going beyond juxtaposition of results. From the study presented in part,
recommendations for the application of the diUerent related methods are drawn. The whole thesis
is then summarized and discussed in chapter 7.
6
2. Related Research
This section reviews the state-of-the-art and related research approaches. Starting from general consid-
erations about the principles of good experimental research, existing quality evaluation approaches are
reviewed. I introduce the User-Centered Quality of Experience evaluation framework as the framework
in which the development of Open ProVling of Quality has been embedded. Parts of this sections have
been published in Jumisko-Pyykkö and Strohmeier, “Report on research methodologies for the exper-
iments,” Tech. Rep. Project MOBILE3DTV, 2008 [211] and Strohmeier, “Wahrnehmungsuntersuchung
von 2D vs. 3D Displays in A/V-Applikationen mittels einer kombinierten Analysemethodik,” Diploma
thesis, Ilmenau University of Technology, Ilmenau, Germany, 2007 [212].
2.1. Principles of good experimental research
Studies in audiovisual quality evaluations, as a part of experimental research, are generally char-
acterized by being both a process and a product [2]. Both aspects of a study must be credible to
other researchers and comparable among studies to make comparisons and draw joint conclusions.
This requirement leads to strict demands on research methods, described in the principles of good
research. Haslam and McGarty [2] deVne Vve criteria that every research method has to fulVll:
reliability, validity, cumulativity, parsimony, and public replication. Among these Vve criteria, reli-
ability and validity are the most crucial and need to be met for every existing research method and
in every method development process.
Reliability is deVned as the “conVdence that a given empirical Vnding can be reproduced” [2].
More in detail, we can diUerentiate reliability by internal, interrater, and external reliability [3, 4].
Internal reliability refers to the consistency of a test within itself. The ability of test participants to
use a test method consistently over the time of their test session is a key aspect of internal reliability.
Internal reliability can be assessed by consistent scores of a test participant across time and consis-
tent scores between the original test and retests. In addition, the use of hidden anchors, test items
that are obviously of very good (or unimpaired) or very bad quality, is possible. Interrater reliability
refers to a group of test participants being able to use the test method in a similar way. Within a re-
search method, a standardized test description and common introduction for all participants assures
that the evaluation task and the use of scales are conducted similarly by participants. In addition,
training and anchoring tests should be conducted before the evaluation to provide for practicing the
evaluation task [5]. Mathematical approaches for measuring internal reliability are the split-half
method, which calculates the correlation between scores on two equal parts of the test participants,
or Cronbach’s Alpha, which measures the scale reliability by using the variance of scores per item
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in relation to the overall variance of the scale [4]. However, not only the reliability within a study
but also aspects between studies need to be assured in quality research. External reliability refers to
the stability of test results over time. It describes the ability of researchers to replicate a study and
to obtain similar results and conclusions. An interesting aspect related to development of new test
methods is the question of whether a researcher other than the developer is able to apply the test
method in similar way to the developer. [4]
Validity is related “to our conVdence that a given Vnding shows what it purports to show” [2]. A
valid Vnding has been logically and correctly interpreted. As with reliability, validity also has dif-
ferent aspects. A central aspect to quality evaluation methods is internal validity, which describes
the cause-eUect relationship and checks whether an eUect found in the analysis of a study can be
related to the independent variables, thus enabling a conclusion concerning causal impact [4, 6].
External validity or generalizability refers to the extent to which results of research can be general-
ized beyond the experimental context across samples, settings, and time [4, 6]. Each experimental
evaluation represents only a snapshot of a complex system being tested although test parameters
and samples are carefully chosen. However, its goals are that the Vndings are generalizable from the
chosen sample to other people, from the test device to other systems, and from laboratory settings to
the Veld. Mediating between internal and external validity, construct validity describes the theoreti-
cal accuracy of the research. It is the extent to which the results encompass the intended theoretical
construct and asks whether research has arrived at the correct explanation for any cause-and-eUect
relationship that was found in a study. Eventually, it assures that test methods really measure what
they are supposed to measure. In contrast to reliability, validity is hard to measure, but many as-
pects are solvable within the limits of the logic of statistics. Nevertheless, several threats to validity
need to be avoided in valid research methods and designs [4, 6–8] (Table 2.1).
One more principle, parsimony, becomes important in method development processes. Parsi-
mony means that research intends to “explain the largest number of facts in terms of the smallest
amount of [theoretical] principles” [2]. Originally, it asserted that the best theory within a domain
of research is the one that can provide the most economical or simplest explanation of evidence.
Parsimony has also been discussed in relation to the growing amount of data in experimental re-
search caused by a continuous increase in available research methods. The best research method is
the one that can build a valid and reliable result with as few data as possible. Conversely, new or
extended research methods are needed as soon as the common ones fail to provide a full explanation
in accordance to the research question.
The following section will present the related work and the state-of-the-art in audiovisual quality
evaluations from a methodological point of view. Starting with the User-Centered Quality of Expe-
rience evaluation framework, it will introduce the basic concepts of quality, quality perception, and
mixed-methods research before it reviews diUerent research methods ranging from traditional psy-
choperceptual evaluations to current developments in user-centered quality assessment methods.
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2.2. User-Centered Quality of Experience evaluation framework
2.2.1. General considerations of the framework
The User-Centered Quality of Experience (UC-QoE) evaluation framework is a collection of inde-
pendent methods and factors that relate quality evaluation to the potential use of a system or service.
The framework takes into account “1) potential users as quality evaluators, 2) necessary system or
service characteristics included in its potential content and critical system components, 3) potential
context of use resulting in evaluation quasi-experimental settings and the controlled surroundings,
4) that evaluation tasks are connected to expected usage, and/or they aim also to understand the in-
terpretation of quality parallel to excellence evaluation and can include supplementary ergonomic
measures.” [9] It represents the methodological part of the UC-QoE model which has been intro-
duced by Jumisko-Pyykkö [9]. Jumisko-Pyykkö’s model builds upon Vve principles [9]:
1. Multimodal quality perception is an active process which encompasses diUerent levels of hu-
man information processing and combines information from various modalities.
2. Critical system components need to be holistically optimized by reWecting the factors of ex-
ternal validity in terms of users, systems and services, and contexts of use.
3. Optimization of novel multimedia systems which combine several modalities and multiple
parameters requires an overall quality assessment approach and a connection to user require-
ments.
4. Quality evaluations need to go beyond measures of detectable artifacts and their impact on
the user.
5. Quality evaluation experiments can be understood as a part of the user-centered design pro-
cess. Early-phase prototypes can oUer a possibility for quality evaluations to verify user
requirements before the high-Vdelity prototype is Vnished.
Jumisko-Pyykkö’s approach tackles the existing system-centric paradigms of subjective quality
evaluations. It stresses the importance of an increased level of realism by improving the external va-
lidity of multimedia quality evaluations in terms of potential users, inclusion of user requirements,
and the contexts of use [9]. This approach demands new research methods that extend the ability
of existing quality evaluation approaches beyond quantitative ratings of hedonic preferences. The
identiVcation of the shortcomings of existing evaluation approaches allows the introduction of new
methods with respect to the principle of parsimony. The methodological UC-QoE framework com-
bines a multimethodological approach and extends standardized quality evaluation methods with
methods for conducting evaluations in the context of use and a goal to understand and interpret
overall quality beyond the measures of excellence in accordance with the dualistic nature of quality
(see section 2.2.2).
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2.2.2. Understanding multimedia quality perception
2.2.2.1. Multimedia quality as a comparison of produced and perceived quality
Quality is the basic concept of the present thesis. Because my work on Open ProVling of Quality
has been integrated into the development of the UC-QoE evaluation framework, my deVnition of
quality is closely related to the deVnition given in the UC-QoE approach [9][209, 210, 213, 214].
In general, quality relates to the degree of excellence of a product or service [10]. By deVnition, it
can be regarded as the “degree to which a set of inherent characteristics fulVlls requirements” [11]
or, from a consumers’ point of view, as users’ “perception of the degree to which [their] require-
ments have been fulVlled” [12]. However, quality can also be used more speciVcally to describe
only “a distinctive attribute or characteristic” [10] possessed by a product. In contrast to overall
excellence, this descriptive understanding relates quality to speciVc factors, for example, the com-
pression quality of a video codec making it subjectively good or bad. I refer to this juxtaposition of
excellence and relationship to attributes as the dualistic nature of quality.
This general deVnition of quality needs to be speciVed for the Veld of multimedia. In the domain
of multimedia as “the seamless integration of two or more media” [13], quality is characterized
by the relationship between produced and perceived quality [9, 14]. The model of produced and
perceived quality is extensively described by Jumisko-Pyykkö [9] and forms the basis upon which
the motivation for methodological work in my thesis builds. Produced quality refers to the quality
that a technical system is able to provide to its users. Technical constraints for produced quality
are given in all abstraction levels of multimedia systems: content, media, and network [15, 16]. In
case of mobile 3D television and video, these constraints can result in the juxtaposition of a huge
amount of multimedia data to be transmitted over limited bandwidth, a vulnerable transmission
channel, and limitations of the receiving devices and the stereoscopic display [209, 210].
While produced quality describes multimedia quality from the viewpoint of the system, perceived
(also called subjective or experienced) quality describes the users’ or consumers’ views on multi-
media quality. It refers to the quality perceived and interpreted by the individual user in his active
perceptual processes [9, 17]. These perceptual processes characterize perceived quality. Low-level
sensory processes are data-driven bottom-up processes that extract relevant information from all
incoming sensory sensations [9, 17]. Exemplary relevant features of audiovisual 3D multimedia
quality perception are brightness, color, and stereoscopic cues for visual sensation or loudness,
pitch, and timbre for auditory sensation [17, 18][212]. After the low-level processing, the processed
information is interpreted in high-level cognitive perception. In this stage, stimuli are interpreted
according to individual meanings and their relevance to human goal-oriented actions. These top-
down processes involve individual emotions, knowledge, expectations, and schemas representing
reality that can weight or modify the importance of each sensory attribute, enabling contextual
behavior and active quality interpretation [9, 17, 19–21][212]. Neisser’s perceptual cycle (see Fig-
ure 2.1) is a simpliVed model of human perception that can be used to explain the mechanisms of
perceived quality.
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Neisser’s perceptual cycle involves schemata, perceptual exploration, and the stimulus environ-
ment (Figure 2.1). While the latter is the sum of all sensory stimuli available to human senses,
schemata are high-level patterns that represent one’s knowledge about the stimulus environment.
Schemata have been derived and reVned from former similar experiences. They are stored in the
human long-term memory and can be understood as individual expectations about the stimuli avail-
able in the environment. These structures are connected to emotions and feelings. In perceptual
processes, schemata direct one’s attention towards a selection of available information from the
stimulus environment. Neisser calls this occurrence the exploration. During exploration, humans
collect and identify relevant features, so called environmental stimuli, from the whole sensory in-
formation available. According to Neisser’s model, perceptual exploration leads to a sampling of
the environment, and sampled stimuli are merged into objects. While being transferred into our
short-term memory, the perceived environmental samples or objects are recognized by the brain
and assigned a meaning. The last step is the interpretation of the perceived objects. One tries to
match them to the available schemata of the long-term memory. If matching fails for some stimuli,
the schemata are modiVed according to the new perceived object. The modiVed schemata then drive
the environmental exploration anew. Although the model was criticized by Neisser himself [22] as
being too simple and too general, it is still useful to sketch the interactions between low-level and
high-level cognitive processes, between quality and knowledge and experience, and between quality
and contexts and has been used in related publications of audiovisual quality perception [9, 18][212].
16,6667%
16,6667%
16,6667%
16,6667%
16,6667%
16,6667%
Object
Schema Exploration
directs
samplesmodifies
Figure 2.1. – The perceptual cycle by Neisser as a simpliVed model to understand multimedia quality per-
ception [19]
The model of Neisser shows that human perception is an active exploration towards determining
factors that drive perception. This is in accordance with the understanding of the dualistic nature
of quality and connects an overall perception of quality to speciVc attributes. Interestingly, Neisser
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includes all available sensory information in his exploration and the derivation of schemata. Related
to multimodal perception, multimodality cannot be regarded as a separate processing of sensory in-
formation of diUerent channels. One sensory channel can complement and modify the perception
derived from another channel [23]. The work of Jumisko-Pyykkö [9] shows that these concepts of
perception eventually hold true for multimedia quality perception so that these conceptual psycho-
logical constructs can be applied in studying and understanding users’ perception of multimodal
quality.
2.2.2.2. Multimodal quality perception
Multimodal perception is more than just the sum of quality sensation in two or more independent
streams [24]. A classical example of audiovisual interactions in perception is the McGurk eUect in
which auditory and visual information are integrated into a new, diUerent audiovisual perception
[25]. The McGurk eUect has shown that parallel processing of auditory and visual information does
not occur independently. Interaction between the modalities is not just a combinatory mechanism
on top of cognitive processing. Coen [26] stresses that the sensory input is shared across all levels of
perceptual processing. The dominance of one modality over another strongly depends on multiple
factors like intensity, time, and duration of the stimuli [27, 28]. Guski [27] deVnes three theoretical
concepts for dominance of one modality:
Hypothesis of the accuracy of modality: If there is a conWict of information, then the most
precise modality dominates all others.
Hypothesis of attentional direction: If there is conWict of information, then the domina-
tion of one modality depends on the information the observer pays more attention to.
Hypothesis of modality function: Information conWicts are solved using the modality that
oUers the best developed function. The visual system seems to be useful for spatial tasks
while the auditory system handles temporal problems.
In related audiovisual quality research, cross-modal dominance was found for video-dependent as
well as audio-dependent multimodal quality. For good reviews of related studies, the author refers to
Soto-Faraco and Kingstone [24] and Jumisko-Pyykkö [9]. Recently, Peregudov et al. [29] presented
an audiovisual quality model for mobile multimedia applications, underscoring the importance of
interactions between auditory and visual channels for the perception of audiovisual quality.
In summary, the concept of multimedia quality perception describes a complex dependency on
technical characteristics and constraints of the system according to individual diUerences of its
users. The relationship between perceived and produced quality in end-to-end systems is described
in terms of Quality of Experience (QoE) . QoE is deVned as “The overall acceptability of an appli-
cation or service, as perceived subjectively by the end-user” [30]. More broadly, Wu et al. [31]
have summarized it “as a multidimensional construct of user perceptions and behaviors.” The goal
of modern Quality of Experience evaluation is the optimization of quality factors produced under
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strict technical constraints or resources with as little negative perceptual eUects as possible. Recent
multimodal quality evaluation studies have started to stress the importance of high-level cogni-
tive processes for quality perception. With this thesis, the author continues the work along these
lines and addresses the challenge of developing an explorative tool to understand the underlying
attributes and common rationales of perceived quality.
2.2.3. Theory of mixed-methods research
The UC-QoE evaluation framework combines diUerent research approaches from quantitative and
qualitative experimental research into new methods. Its background lies in the theory of mixed-
methods research. Becoming more and more popular since the end of the 20th century, it originates
from pragmatic philosophy and represents the third wave of research methods [32]. In general,
mixed-methods research is deVned as a “type of research in which a researcher or team of re-
searchers combines elements of qualitative and quantitative research approaches (e.g., use of qual-
itative and quantitative viewpoints, data collection, analysis, inference techniques) for the broad
purposes of breadth and depth of understanding and corroboration.” [33] This deVnition provided
by Johnson et al. [33] is summarized in various existing deVnitions of ’mixed-methods research’
to comprise a holistic understanding. Its core is the combination of quantitative and qualitative
data sets and related methods of analysis to attain broader understanding of research problems than
using only one approach. [32, 34]
Quantitative (QUAN) research has traditionally put a focus on deduction, conVrmation, the-
ory/hypothesis testing, explanation, prediction, standardized data collection, and statistical anal-
ysis. In contrast, traditional qualitative (QUAL) research techniques are induction, discovery, explo-
ration, theory/hypothesis generation, the researcher as the primary ’instrument’ of data collection,
and qualitative analysis. Eventually merging two data sets into one common result, mixed methods
combine these two research traditions to provide complementary viewpoints, to provide a complete
picture of phenomena, to expand understand the phenomena, and to compensate for the weaknesses
of one method. [32, 34, 35]
Among diUerent design patterns for mixed-methods research (Table 2.2), triangulation is the most
commonly used [34]. In triangulation, data collection and analysis are carried out independently
for QUAN and QUAL methods with no preference, and the Vnal inference aims at creating a broad
picture of the phenomenon [34]. Three possible outcomes can be expected in these studies [36]:
1. the convergence of results in which both results lead to the same conclusions,
2. the complement of results in which the diUerent results highlight diUerent aspects of the same
phenomenon, or
3. the results are divergent or contradictory.
The ideas of triangulation and other mixed-methods designs (Table 2.2) have already been used
in quality evaluation research although researchers have not explicitly expressed the relationship
14
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Mixed-method, design Design pattern Purpose
Triangulation design Independent collection of QUAN and QUAL
data. Interpretation based on both data sets
Comparison of QUAN and QUAL results for a
broad interpretation of the results
Embedded design One data set is used in a supplemental role in
studies primarily based on the other data set
Additional qualitative expressions about
quantitative results (e.g., supporting decisions
about further studies or tasks)
Explanatory design Two-step design. First collection of QUAN,
then QUAL
QUAL data may be needed to explain unex-
pected results or to detect errors in the QUAN
research design
Exploratory design Two-step design. First collection of QUAL,
then QUAN.
QUAL data may be needed to explain unex-
pected results or to detect errors in the QUAN
research design
Table 2.2. – The four mixed-methods design approaches according to [34]
to this methodological approach [14, 37, 38]. In light of this introduction of the basic concepts
of this thesis, the next section will now present diUerent approaches that currently exist in au-
diovisual quality evaluations with respect to standardized methods as well as new approaches in
user-centered quality evaluations and mixed-methods research.
2.3. Research methods for perceived quality evaluation
In general, the goal of subjective quality evaluation is the optimization of critical components of a
system with as little perceptual eUect as possible. To attain this goal, various research methods are
available representing diUerent approaches from quantitative evaluations to descriptive analysis.
2.3.1. Standardized quantitative quality evaluation methods
Psychoperceptual quality evaluation aims at examining the relation between physical stimuli and
sensorial experience following the methods of experimental research. It has been adapted from clas-
sical psychophysics of the 19th century, and derived evaluation methods later used both univariate
and multimodal quality assessment [5, 39–41]. Currently, widely applied quality evaluation methods
for assessment of audiovisual multimedia systems are standardized in technical recommendations
by the International Telecommunication Union (ITU) or the European Broadcasting Union (EBU)
[5, 39, 42–44] (see Table 2.3). The goal of these methods is to analyze quantitatively the perceived
overall quality of a set of test items in a test laboratory. The resulting degree-of-liking per test
item is expressed as Mean Opinion Scores (MOS) or Mean Satisfaction Scores (MSS) . Although a
multitude of standardized evaluation methods exists and appropriate selection depends on the spe-
ciVc research question, psychoperceptual quality evaluation studies are generally characterized by
a high level of control over the test variables, test laboratory settings, and test participants (also
called assessors, viewers, or observers) [5, 39, 45]. Multimedia quality evaluation recommendations
advise against using experts as test participants and recommend inviting non-experts who are not
“directly involved in picture quality evaluation as part of their work and should not be experienced
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assessors” [5]. In this thesis, I will refer to non-experts as naïve test participants or naïve assessors
in accordance with ISO EN 8586-2 [45, 46]. If a test participant had taken part in a quality eval-
uation study previously but did not have a technical background, we call him an experienced test
participant or experienced assessor as deVned by ITU Recommendation ITU-T P.831 [47].
Recommendation Title Research methods included
ITU-R BT.500-1 Methodology for the Subjective Assessment of
the Quality of Television Pictures
Double-stimulus methods:
Double-Stimulus Impairment Scale DSIS
Double-Stimulus Continuous Quality-Scale
DSCQS
Simultaneous Double Stimulus for Continuous
Evaluation SDSCE
Single-stimulus methods:
Single Stimulus Continuous Quality Evaluation
SSCQE
Single Stimulus with Multiple Repetition SSMR
ITU-R BT.1438 Subjective Assessment of Stereoscopic Televi-
sion Pictures
Refers to the assessment methods of ITU Recom-
mendation ITU-R BT.500-11 [39]
ITU-T P.910 Subjective Video Quality Assessment Methods
for Multimedia Applications
Absolute Category Rating ACR
Degradation Category Rating DCR
Pair Comparison method PC
ITU-T P.911 Subjective Audiovisual Quality Assessment
Methods for Multimedia Applications
ACR, DCR, PC, SSCQE
EBU BPN 056 SAMVIQ – Subjective Assessment Methodology
for Video Quality
SAMVIQ
Table 2.3. – Relevant recommendations for audiovisual quality evaluations [5, 39, 43, 44, 48]
In psychoperceptual studies, the range of quality being tested and the research question deVne
the applicable method. A wrong selection of methods as a threat to validity can lead to invalid
results and wrong conclusions (see section 2.1). Basically, two diUerent sets of evaluation methods
exist (see Table 2.4). Single stimulus methods are applicable in tests with a large quality range
and detectable diUerences between stimuli. In contrast, pairwise or multiple stimuli methods are
powerful for the evaluation of small detectable diUerences among the test stimuli. A review of
existing standardized research methods can be found in Jumisko-Pyykkö and Strohmeier [215]. In
audiovisual quality assessment, Absolute Category Rating (ACR) [39] and Subjective Assessment
Methodology for Video Quality (SAMVIQ) [42, 49] are popular candidates from single stimulus and
multi-stimulus methods, respectively.
Absolute Category Rating (ACR)
Absolute Category Rating (ACR) is standardized in the ITU recommendations ITU-T P.910 and ITU-
T P.911 [5, 44]. ACR is a test method that is easy and fast to implement, and the presentation of the
stimuli is similar to that of the common use of the systems. Test stimuli are presented consecutively
and rated independently retrospectively (Figure 2.2). For quality judgment, the recommendations
propose a Vve-level quality scale. However, they also stress that more detailed scales (9- or 11-point
quality scales) can be used if higher discrimination power is needed [5].
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SSCQE ACR DSIS DSCQS SAMVIQ
Reference No reference No reference Explicit reference Hidden reference Explicit and hid-
den reference
Comparison Single stimulus Single stimulus Double stimulus Double stimulus Multiple stimuli
Rating Continuous Retrospective Retrospective Retrospective Retrospective,
but rating can be
adapted several
times
Scale 5-point continu-
ous scale
5-point contin-
uous scale (or
higher if required)
5-grade impair-
ment scale
5-point continu-
ous scale
5-point continu-
ous scale
Stimuli from 60 seconds
up to 20 minutes
10 seconds 10 seconds 10 seconds max. 15 seconds
Table 2.4. – Overview of the diUerences in the implementation of psychoperceptual quality evaluation
methods [5, 39, 48]
...
Figure 2.2. – Presentation structure of Absolute Category Rating for j items tested [5]. Test stimuli are
presented consecutively and rated retrospectively.
Subjective Assessment Methodology for Video Quality (SAMVIQ)
The Subjective Assessment Methodology for Video Quality (SAMVIQ) (also known as the EBU
method) [42, 49] was derived from ITU’s DSCQS method [39] to oUer a test methodology for mul-
timedia. Blin [49] describes SAMVIQ as an eXcient method of assessment of a large range of image
quality because it provides reliable discrimination at both high and low quality levels. SAMVIQ
uses hidden and explicit references in a multi-stimulus test environment. In contrast to DSCQS, the
test participant has the possibility of accessing more than two stimuli at the same time. The direct
comparison of multiple stimuli makes SAMVIQ able “to discriminate low qualities as well as high
qualities” [49]. All stimuli are evaluated one after the other on a continuous scale from 0 to 100
with Vve explicit quality levels (excellent, good, fair, poor, and bad). Each stimulus is thus compared
to an explicit reference to determine the best quality that can be achieved in the test. During the
test, all stimuli are available at all and they can be repeated and reevaluated as often as needed. In
addition to the explicit reference, there is a hidden reference of the same quality level as the explicit
one, but it is not indicated in the test description. The hidden one acts as an anchor to check the
performance of the test participants. With respect to the characteristics of test stimuli, Blin [49]
and Kozamernik et al. [42] explain that stimuli of a maximum length of 15 s are suXcient to obtain
a stabilized and reliable quality score. Blin [49] tested the performance of the SAMVIQ method in
terms of reliability and stability by comparing the standard errors of a SAMVIQ study to those of
a DSCQS-based study with the same stimuli in the test conditions. The results show that SAMVIQ
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renders better results with lower standard deviations. A second test was conducted to assess the
stability of the test results based on results of two independent samples, which indicated stability
by showing very high correlation between groups [49].
Comparison of ACR and SAMVIQ
Absolute Category Rating and SAMVIQ were compared in a few comparison studies [50, 51]. The
studies show that ACR and SAMVIQ can produce comparable results. SAMVIQ results tend to have
greater accuracy and better diUerentiate stimuli with a number of about 25 test participants. How-
ever, ACR results can be improved by increasing the number of test participants [50, 51]. Within the
comparisons, ACR showed excellent inter-laboratory and between-group reliability [50]. Referring
to validity of test results, inter-laboratory comparability of the results is very important to research
methods. Beyond comparison of results, ACR was found to be easier to implement and allowed for
faster evaluation and a higher number of test stimuli. Brotherton et al. [50] suggest that “ACR tests
could present for assessment [at least] twice as many test sequences as the SAMVIQ tests.” In addi-
tion, SAMVIQ is regarded as being artiVcial compared to ACR because SAMVIQ allows participants
to replay test sequences and adapt the ratings as often as they want. It may lead to a more artiVcial
test method compared to ACR because in real viewing situations, observers do not normally review
content [50]. Although this systematic comparison of research methods is important for the purpose
of research-question-related method selection, all the psychoperceptual evaluation methods leave
other valuable questions unanswered. Because they limit their evaluation to a one-dimensional un-
derstanding of quality in terms of Mean Opinion Scores, the presented methods do not conform to
the multifaceted understanding of quality in terms of Quality of Experience (see section 2.2) [9].
2.3.2. User-oriented evaluation methods
Recently, conventional psychoperceptual methods have been extended from one-dimensional hedo-
nistic assessments to include more use- and goal-oriented actions (Table 2.5). Quality of Perception
(QoP) measures quality as a multidimensional construct of cognitive information assimilation and
satisfaction, constructed from enjoyment and subjective, but content-independent perceived quality
[52–55]. The method introduces an approach that allows assessing users’ satisfaction with the pre-
sented quality and their ability to analyze, synthesize, and assimilate information from the content.
QoP has been slightly adapted during its development in constructive research [54, 55]. In recent
use, Quality of Perception is deVned as the sum of the level of information assimilation, QoP-IA, and
satisfaction, QoP-S [55]. QoP-IA is measured with the help of questions asking about information
seen in the content. QoP-IA is Vnally expressed as the proportion of correct answers to all questions
asked. QoP-S is divided into two measures. Test participants are asked to rate the overall quality of
a stimulus on a 5-point scale. In addition, test participants express their enjoyment of the content
on a second 5-point scale. QoP studies have shown that an extension of existing methods is needed
to obtain deeper understanding of subjective quality and its impact on the user going beyond pure
hedonistic judgments.
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Quality of Perception Method of Limits Acceptance Threshold Evaluation in the con-
text of use
Purpose To open up un-
derstanding of
quality from a one-
dimensional hedonistic
measure to a com-
bination of quality
satisfaction and infor-
mation assimilation
[55]
To identify the thresh-
old at which quality
becomes unacceptable
[56]
To identify the thresh-
old of minimum accept-
able quality and rela-
tionship to satisfaction
scores on overall qual-
ity [57]
To extend the external
validity of results by
evaluations in the ac-
tual context of use [58]
Methodology Information assimila-
tion is collected from
questions about the
content; satisfaction
is measured on two
5-point scale for di-
mensions of enjoyment
and quality
Quality is increased
and decreased contin-
uously by variation
of diUerent quality
parameters and test
participants indicate if
they Vnd the current
quality acceptable or
unacceptable
Bidimensional research
method which eval-
uates Acceptance of
quality on binary yesno
scale and Satisfaction
with quality on a 11-
point unlabelled scale
(ACR)
Hybrid methodological
framework which com-
plements quantitative
evaluations with a set
of tools for planning,
data collection and data
analysis that to identify
surrounding contextual
factors
Analysis Information assim-
ilation is measured
as the percentage of
correctly answered
questions. The Vnal
QoP is the sum of
information assimila-
tion and satisfaction
measures
Final quality measure is
the ratio between ac-
ceptable and unaccept-
able quality per test se-
quence
Either analysis based
on frequencies of
acceptance per inde-
pendent variable or
identiVcation of values
ranges for acceptable
and unacceptable
overall satisfaction
ratings
Separate analysis of the
diUerent data sets and
integration in a Vnal
step to achieve comple-
mentation and check
for convergence of re-
sults
Table 2.5. – Overview of user-oriented evaluation methods for audiovisual quality assessment
Other user-oriented evaluation methods focus on the evaluation of the user’s quality acceptance
as an indicator of service-dependent minimum quality. Acceptance of overall quality is an impor-
tant factor in the success of modern multimedia systems. McCarthy et al. [56] evaluated quality
acceptance based on the classic Fechner psychophysical method of limit [40]. In their approach,
McCarthy et al. gradually vary the quality of a stimulus in a continuous rating task. Test partic-
ipants indicate the points at which the quality changes from acceptable to unacceptable or vice
versa in a continuous assessment. Acceptance is Vnally expressed as perception of total time having
acceptable quality. Although the method has shown the importance of measuring acceptance, it
is criticized because it cannot be applied to measure quality clearly below or above the threshold
[9]. Another approach to measuring quality acceptance is Acceptance Threshold. Jumisko-Pyykkö
et al. [57] introduced this approach as an extension of standardized psychoperceptual evaluation
methods. In their approach, Jumisko-Pyykkö et al. combine a binary rating of the acceptance of
the overall quality (yes-no) and the rating of satisfaction with overall quality on a 11-point, unla-
belled ordinal scale. The Vnal goal of the method is “to locate the threshold of minimum acceptable
quality that fulVlls user quality expectation and needs for certain application or system.” [9] Both
ratings are done retrospectively and independently per test item. The results of the binary accep-
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tance rating can be used either to identify the threshold based on the frequencies of acceptance per
independent variable or as identiVcation of values ranges for acceptable and unacceptable overall
satisfaction ratings [9, 57]. Jumisko-Pyykkö et al.’s Acceptance Threshold has become part of the
User-Centered Quality of Experience evaluation framework. Within the development of the frame-
work, the Acceptance Threshold has been applied in several studies in the laboratory and in natural
contexts of use [57–60].
2.3.3. Evaluations in the context of use
Psychoperceptual evaluations and the user-oriented quantitative methods lack external validity due
to the high level of control over test variables and laboratory environments. The UC-QoE evaluation
framework includes research methods for quality assessments in the context [9, 58]. The goal of
these evaluations is to relate quality evaluations to the actual contexts of use to make them more
generalizable from artiVcial laboratory settings to the Veld to gain high external validity and realism
within the studies.
Context thereby is a multidimensional construct [61]. As deVned by Dey et al. [62], “context is any
information that can be used to characterize the situation of an entity. An entity is a person, place, or
object that is considered relevant to the interaction between a user and an application, including the
user and application themselves.” More detailed concepts for the description of context, especially
in the domain of research on mobile devices, diUerentiate among physical, temporal, social, task,
and technical contexts [8, 61]. A description of the diUerent aspects of contents is given in Table
2.6. In general, the need for evaluations in the contexts increases with increased dynamics and
heterogeneity of the expected contexts of use for a system under evaluation [58].
The novelty of current research approaches to contextual evaluations is that they complement
conventional quantitative evaluation methods with tools to identify impacting factors on the eval-
uation task in the context [8, 61]. The basic evaluation follows standardized methods and extended
approaches like Acceptance Threshold. In addition, contextual researchers use a light-weight mobile
usability lab to capture events during the evaluation. Assisted by short semi-structured interviews,
this approach allows for detailed description and knowledge about the contextual situation during
evaluation. The whole evaluation, which usually takes place in a set of diUerent contexts, is closed
using a broader semi-structured interview and targets an elicitation of individual experiences about
the contexts and related quality for each test participants. The approaches underscore the impor-
tance of developing understanding of participants’ experiences and individual quality factors in
relation to their individual user requirements in diUerent settings [58]. Jumisko-Pyykkö and Utri-
ainen’s “Hybrid Method for Quality Evaluation in the Context of Use” is one of the key methods
within the UC-QoE evaluation framework [9].
The contextual evaluation approaches have shown how important it is to collect data beyond
quantitative ratings to meet the requirements of modern quality evaluations with respect to the
complex concepts of Quality of Experience [58, 60]. These methods require knowledge about in-
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Aspect of context DeVnition Example
Physical context Physical context deVnes the physical location in
which the interaction occurs. It can also include
virtual spaces or descriptions about movements
between locations.
Typical physical contexts for mobile 3DTV are
cafés, waiting rooms or public transports.
Temporal context Temporal context deVnes the time and duration
in which the interaction occurs. It also reWects
the situation before and after the use or syn-
chronized actions between partners (like talking
on the phone is synchronized between the two
partners on the phone).
Temporal contexts for mobile 3DTV refers for
example to short time viewing, or use of the sys-
tem after work.
Social context Social context deVnes the other persons that are
present during the interaction with the system
occurs. It includes descriptions of the character-
istics of the other persons as well as their roles
with respect to the interaction.
While mobile 3DTV is often regarded to be sin-
gle, focused watching of videos, other applica-
tions like gaming or videophony can also include
shared use of the system between several users,
e.g., in a group of young people.
Task context Task context describes the tasks that are fulVlled
by users while the interaction with the system
occurs. It relates to multitasking and includes
also possible interruptions that are caused by
parallel tasks.
While watching mobile 3DTV on a bus ride, the
user will also focus on the track so that he does
not miss his bus stop.
Technical context The technical context describes the interaction
in relation to other technical devices or net-
works.
The technical context in mobile 3DTV includes
the network over which the video signal is
broadcasted or the service from where a video-
on-demand is ordered.
Table 2.6. – DiUerent aspects of context with deVnitions according to the classiVcation by Jumisko-Pyykkö
and Vainio [61]. Examples for each aspect are selected in relation to user requirements for mobile 3D
television and video systems [216].
terpreted quality and understanding of test participants’ quality factors. However, all quantitative
approaches lack the possibility of studying the underlying quality rationale of the users’ quality
perception.
2.3.4. Descriptive quality evaluations: methods and application
The goal of descriptive quality evaluation is “to provide complete sensory descriptions of an array
of products, provide the basis for mapping product similarities and diUerences, and provide a basis
for determining those sensory attributes that are important to acceptance.” [63] This general deVni-
tion by Stone and Sidel shows the diUerence between quantitative evaluations and the descriptive
approaches. While psychoperceptual evaluation methods are suitable methods to measure the ex-
cellence of a stimulus, descriptive methods target the elicitation of its speciVc quality attributes. The
basic idea of applying descriptive methods in multimedia quality evaluations has been that test par-
ticipants are asked to describe their quality factors or the reasons for a certain overall quality rating.
Those descriptions can be seen as the complement to excellence evaluation to acknowledge the du-
alistic nature of quality. Common to all approaches is this elicitation of individual quality factors in
terms of qualitative data. Descriptive evaluations bring up terms, descriptions, and interpretations
of quality, not quantitative ratings. Two general approaches exist in the domain of multimedia qual-
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ity evaluations: interviews and sensory evaluation, which diUer in terms of vocabulary elicitation
methods; methods of analysis; and characteristics of participants (Table 2.8).
For descriptive audiovisual evaluations, interviews are currently applied. In the existing inter-
view-based methods, naïve participants describe explicitly the characteristics of stimuli, their degra-
dations or personal quality evaluation criteria under free-description, and if necessary, stimuli-
assisted description tasks [37, 58, 64, 65]. The goal of these interviews is to generate terms to
describe the quality and to check that the test participants perceive and rate the intended quality
aspects. Semistructured interviews are commonly applied. They are especially applicable to rela-
tively unexplored research topics, constructed from main and supporting questions, and, compared
to open interviews, they are less sensitive to interviewer eUects [4]. The frameworks of data-driven
analysis apply for hypothesis-free analysis of qualitative data. The Grounded Theory framework by
Strauss and Corbin [66] follows a three-stage model of open, axial, and selective coding. After the
interviews are transcribed, open coding is applied in which concepts and related categories in the
data are identiVed and related to the parameters of the study. Axial coding identiVes causal relation-
ships between the concepts and seeks to build explicit connections between categories and possible
sub-categories. The Vnal selective coding then involves the process of identifying core categories
and systematically relates the core categories to other categories. The outcome of the Grounded
Theory based analysis is described in terms of the core categories and the most commonly appear-
ing sub-categories [37, 38, 67]. Multidimensionally, these identiVed components can be analyzed
further in correspondence analysis to identify intercategorical relationships. Commonly, the data
analysis is conducted by two independent researchers to increase the reliability of the results. In-
terviews are easy to implement and conduct, but the data analysis requires at least two experienced
researchers to obtain reliable results. Another descriptive evaluation approach is oUered in methods
of sensory evaluation. Section 2.4 will describe these methods and the diUerent existing approaches
separately although they can also be classiVed as descriptive quality evaluation techniques.
Interview-based approaches oUer a straight-forward solution for descriptive quality evaluations
because they explicitly ask test participants about their individual quality factors. However, they
present limitations to measuring the sensation of these quality attributes. Modeling of attributes to
understand the dominating factors of the underlying quality rationale is hard to achieve. Solutions
for this problem can be found in sensory evaluation, which is a research discipline widely used in
the food and odor sciences. In sensory evaluation, test participants’ expressions of quality attributes
are used to rate test items in a task after the attribute elicitation.
2.4. Sensory evaluations: methods and applications
2.4.1. Sensory evaluation methods
Another descriptive evaluation approach is oUered by methods of sensory evaluation. Originating
from the food sciences, “sensory evaluation is a scientiVc discipline used to evoke, measure, analyze
22
2.4. Sensory evaluations: methods and applications
and interpret reactions to those characteristics of foods and materials as they are perceived by
the senses of sight, smell, taste, touch and hearing”1 [63] . Sensory evaluation (also called sensory
analysis) covers twomain classes of evaluation methods. Discrimination tests simply assess whether
two products being tested are diUerent. In contrast, descriptive analysis aims at identifying speciVc
product characteristics and uses those characteristics to evaluate them for a set of products on scales
of perceived intensity [40, 68].
The assumption upon which descriptive analysis is built is common to all the existing approaches.
They assume that perceived quality is the result of a combination of several features and test partic-
ipants can describe a speciVc feature by a verbal descriptor [40, 41, 69, 70]. In this thesis, I will use
the term attribute to refer to this verbal descriptor. Attributes in sensory evaluation have to fulVll
a set of requirements [40, 46, 71, 72] (Table 2.7). All the requirements contribute to the reliability of
the attributes.
Requirement DeVnition
DiUerentiation The attributes focus on describing diUerences between attributes rather than common characteristics.
Precision Each attribute describes exactly one quality factor.
Nonredundancy An attribute must have little or, preferably, no overlap with other terms used.
IdentiVcation In Vxed terminologies, a pair of attributes and a related obvious quality factor, like blocking artifacts
and blockiness, should be easily identiVable.
Recognition The meaning of an attribute should be recognizable from its name or at least from a given deVnition.
Singularity An attribute should relate to one quality factor rather than being a combination of terms; e.g., video
quality is a function of several other attributes like blockiness, blur, and clarity.
Table 2.7. – Overview of the main requirements for attributes of sensory evaluation methods [40, 46, 71, 72].
In descriptive analysis, there is a diUerentiation between two principle classes of descriptive anal-
ysis methods in terms of attribute elicitation. Consensus vocabulary methods use attributes that
have been developed as consensus vocabulary for a group of subjects. Individual vocabulary meth-
ods apply an individual vocabulary per participant [46].
2.4.1.1. Consensus vocabulary approaches
Consensus vocabulary methods have been developed for diUerent purposes since descriptive analy-
sis became popular in the 1950s. Lawless and Heymann [40] and Stone and Sidel [63] provide good
overviews of the diUerent methods like Flavour ProVling or Texture ProVling. The most signiV-
cant contribution to the Veld of consensus vocabulary approaches is the Quantitative Descriptive
Analysis (QDA) method . Introduced by Stone et al. [73] in 19742 and corrected the Vnal method-
ology later in 1993 [63], QDA provided a full methodology from consensus vocabulary elicitation
and evaluation procedure to a deVned set of analysis methods. While former descriptive methods
were designed to evaluate one speciVc aspect of the product, for example, Wavour or texture, QDA
1Anonymous deVnition from the Institute of Food Technologists as cited by Stone and Sidel [63]
2The Quantitative Descriptive Analysis was originally published by Stone et al. [70] in Food Technology.
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introduced the holistic approach targeting a complete description of the sensory characteristics of
products.
Quantitative Descriptive Analysis starts with the elicitation of a consensus vocabulary and ex-
tensive panel training. Consensus about the set of attributes is achieved by group discussions in
which experts Vrst develop an extensive list of attributes in a stimulus-assisted task. This list is then
reduced to a reasonable number of attributes. On this vocabulary, agreement among the experts is
achieved by deVning references and deVnitions that are then presented in several training sessions
[40, 46, 63]. Stone and Sidel estimate the time to achieve a consensus vocabulary as roughly 7 -
10 hours split into several sessions [63]. Evaluation of products is then conducted on a line scale.
This scale is a blank line labeled with a word anchor on either end. Each attribute is attached to
one of these scales on a scorecard, and experts rate the sensation of the attributes for each prod-
uct speciVcally. The scores obtained from the evaluation can be analyzed with various methods.
QDA methodology proposes a set of analysis methods (e.g., analysis of variances, multivariate data
methods, ’spider web’ plots) to analyze and visualize QDA results, but also to assess test partici-
pants’ consistency of ratings or the performance of the whole expert panel [40, 63] (see Stone and
Sidel [63] for an overview). Consensus vocabulary methods have been widely applied in sensory
evaluations (for an overview see [40]). However, the extensive group discussions until consensus is
reached, the need for new vocabulary development when products change, and the need for experts
have been criticized and seen as factors limiting the success of the methods [74, 75]. The necessary
agreement of the experts in terms of meaning and sensitivity of an attribute is “often very diXcult,
if not impossible, to obtain” [74]. In addition, QDA and related methods have not been regarded as
being useful for consumer research [75].
2.4.1.2. Individual vocabulary approaches
Free-Choice ProVling (FCP) was introduced by Williams and Langron [74] in 1984 and represented
a radically diUerent approach to the common consensus vocabulary methods. Instead of highly
trained experts, consumers were selected as test participants. Instead of extensive training of a test
panel for common consensus about the quality attributes and measures of sensations, Free-Choice
ProVling allows test participants to develop their own idiosyncratic attributes. The requirements
for these attributes are the same as for consensus vocabulary (Table 2.7). Objective, nonhedonic at-
tributes that the test participants are able to use consistently are needed. However, test participants
are free to select and idiosyncratically describe those product characteristics that impact their sensa-
tions [40]. In contrast to consensus vocabulary methods, little training is required because only the
individual test participant needs to understand his attributes. After attribute elicitation, the evalu-
ation task is similar to QDA except that every participant uses his individual scorecards. However,
FCP also required new methods of analysis because standard univariate and multivariate statistics
could not handle the individual ratings, also referred to as conVgurations. Proposing a geometrical
scaling of the individual conVgurations to a group average, Generalized Procrustes Analysis (GPA)
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was introduced by Gower [76] and adapted for analysis of Free-Choice ProVling. The author will
explain GPA in detail in section 3.3.2. Free-Choice ProVling has oUered possibilities to bring descrip-
tive evaluations to consumer research because no agreement on attributes is needed. In addition,
FCP is faster to conduct and oUers a cheaper alternative to consensus vocabulary methods [40].
However, application in diUerent domains of research showed that the elicitation of attributes was
diXcult for test participants [77]. Supporting tasks like the Repertory Grid method (RGM) were ap-
plied. Repertory Grid was originally introduced as an interview technique in personal psychology
[78] and was later proposed for attribute elicitation in sensory evaluations by [79–81]. The adapted
Repertory Grid technique is a comparison of triads of products. A test participant is asked to sep-
arate one product from the triad and describe one attribute in which 1) the chosen product diUers
from the others and 2) the other two are comparable. By repetition of several triads, a construct
of attributes setting the products in relationship is created. The attributes from these constructs
are further used as the individual vocabulary. Although the Repertory Grid facilitates the attribute
elicitation with its structured approach, systematic comparison between the Repertory Grid-based
method and conventional FCP did not show any advantage to the RGM approach [77, 82]. Free-
Choice ProVling was used for studies on a wide range of food and beverages (e.g., ham [83], coUee
[84], and lager beers [85]). Comparison of Free-Choice ProVling and consensus vocabulary ap-
proaches have shown that results obtained from descriptive analysis with consumers and experts
are comparable [75, 84, 86–88]. However, there are hints that FCP fails when perceptual diUerences
between the products being tested become smaller and harder to discriminate [89].
2.4.1.3. Sorting-based descriptive approaches
Sorting-based approaches represent the third class of descriptive analysis techniques. While consen-
sus and individual vocabulary approaches develop attributes used to discriminate a set of products,
sorting techniques Vrst develop a construct of similarities and dissimilarities between products, and
the resulting groups are then described by individual attributes. The goal of these methods is to
provide a model of the relationship of a set of products without time-consuming attribute elici-
tation and training. All sorting methods adapt the ideas of Free-Choice ProVling and allow test
participants to use their own attributes [90].
In the Perceptive Free Sorting approach [91–93], test participants sort all products into diUerent
groups according to the perceived similarities among them. They are allowed to open up as many
groups as needed. After Vnalizing the sorting, every group is described with test participants’
individual words. Projective Mapping [94, 95] or (Sorted) Napping [96, 97] extend the sorting task
by introducing similarity as a measure between products. Test participants position the products
on a sheet of paper, the ’nappe,’ or tablecloth. Products that are perceived similar to each other are
thereby placed close to each other. DiUerent perceptions of diUerent products means that they are
placed far from each other. Again, test participants are asked to describe each product or groups of
products on the tablecloth.
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The methods propose diUerent sets of analysis for the sorting or napping data. These methods
are either generalized derivates of Multidimensional Scaling (MDS) (e.g., DISTATIS [98]) or Multiple
Factor Analysis (MFA) [99]. They all create common similarity maps among test participants, allow-
ing for taking into account individual diUerences as well as mapping of attributes into the Vnal map.
The results of sorting and mapping approaches have been favorably compared to vocabulary-based
approaches [91, 100].
2.4.2. Multidisciplinary applications of sensory evaluations to study users’ product
perceptions
Sensory evaluations have shown diUerent Velds of applications in which these techniques delivered
useful results. After introducing the diUerent methods of sensory evaluations, the following review
will present possibilities of sensory evaluations to study diUerent research problems with respect to
methods based on individual vocabulary. Especially, research problems that represent interesting
applications for audiovisual quality research were chosen.
2.4.2.1. Applications in the food sciences
Sensory evaluations have their roots in the food sciences, and the methods have been widely used
in this domain of research to study diUerent research problems. In general, all sensory evaluation
techniques were applied to discriminate a set of products according to users’ perception. However,
the studies also showed applicability to study diUerences among user groups and among individual
test participants.
Detection and discrimination of products based on sensory diUerences The main purpose
of sensory evaluations has been to achieve discrimination of diUerent products based on partici-
pants’ sensory perceptions. Within a product development phase, these techniques are useful in
understanding sensory problems that occur with a product. The results of the evaluations can
be used to monitor the performance of a product in comparison to competitor products and to
understand possibilities for user-driven improvements on a sensory level [101]. Within the food
sciences, good examples of studies targeting product discrimination can be found concerning bev-
erages [74, 82, 84, 85] and groceries [102, 103]. These studies show that sensory evaluation helps to
understand the multidimensional characteristics of taste by identifying and modeling the dominat-
ing factors of users’ perceptions. Other studies were able to show that the categorization of taste
and Wavor of products can be dominated by other modalities, like the perception of beer taste being
dominated by vision [104] or the perception of Wavor by diUerent textures of the product [105].
This application of sensory evaluations is highly relevant for the goals of this thesis because it
provides a possibility of modeling perceptual diUerences among test stimuli with respect to users’
quality attributes. This ability addresses the shortcomings of quantitative evaluations and can pro-
vide an alternative for descriptive audiovisual quality evaluations by interviews.
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Comparison of diUerent user groups While the original studies in the Veld of sensory evalu-
ations targeted the discrimination of products, current studies applied sensory evaluation tasks to
understand the performance of diUerent user groups within the discrimination task. A Vrst compar-
ison of user groups in these studies is related to experts versus naïve test participants [89, 106–109].
These studies were often conducted to evaluate the reliability of Free-Choice ProVling techniques
in comparison to the common QDA evaluation. However, the general comparison of quality evalu-
ation of experts and naïve participants is highly relevant to audiovisual quality evaluations [5, 39].
Other comparisons have been conducted to assess the eUect of training on the results of sensory
evaluation tasks [93, 110]. While expert panels are trained for evaluating speciVc sensations and
dimensions of taste or Wavor in the long-term, trained assessors are trained only on the speciVc test
items within a short-term period to familiarize them with the assessment and the products. The
results of the studies show that trained and untrained participants produce comparable results, but
attributes from trained assessors are more speciVc and consistently applied. Further reported are
applications of comparison panels or user groups and interlaboratory [111] and cross-cultural [112]
studies.
Increasing the granularity of diUerences between assessors, sensory evaluations have started to
compare and model individual diUerences between assessors [113]. These studies do not assume
that they test diUerent user groups, but use sensory analysis to see whether diUerences between
the assessors can be found in the results. Especially, these studies target diUerences in individual
weights of quality factors when describing complex sensory sensations, like creaminess of ice cream
[103]. These studies also led to the development of new methods of analysis, like the Multiple Factor
Analysis [96], that are able to present results of the sensory evaluation under the constraints of
individual diUerences.
Within audiovisual quality evaluations, individual diUerences are considered to be an important
factor in understanding quality rationales [9]. Especially, dominance of diUerent modalities between
assessors may lead to diUerent results of multimodal quality perceptions, for example, dominance
of visual or auditory mode in audiovisual perception [114].
2.4.2.2. Sensory evaluation approaches in audiovisual research
First adaptations of sensory evaluation methods in the domain of audio and video quality research
have shown that these techniques provide useful information for deeper understanding of perceived
quality. The “RaPID perceptual image description method” (RaPID) was introduced by Bech et al.
[69] in 1996. RaPID is based on a descriptive analysis assuming that image quality is the result
of a combination of several attributes and that these attributes can be rated by a trained panel
of assessors [41, 69]. RaPID is an adaptation of QDA and, therefore, relies on experts’ consensus
vocabulary. During evaluation, trained test participants rate quality based on the vocabulary. A
multistep procedure contains 1) extensive group discussions in which panel members Vrst develop
a consensus vocabulary of quality attributes for image quality; 2) a reVnement discussion in which
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the panel agrees about the important attributes and the extremes of intensity scale for a speciVc test
according to the test stimuli available; 3) an evaluation task in which each test participant applies
each attribute for a set of stimuli in a pair comparison of the test stimulus and a Vxed reference.
RaPID requires extensive and time-consuming panel training, can be sensitive to context eUects, and
requires an experienced researcher to conduct the experiments [69]. A comparable methodology is
used for audio evaluation in the Audio Descriptive Analysis and Mapping (ADAM) technique [115].
In contrast to consensus vocabulary proVling, Lorho’s Individual Vocabulary ProVling Method
(IVP) [116–118] is a descriptive quality evaluation for naïve participants. His work was the Vrst
approach in multimedia quality assessments to use individual vocabulary from test participants to
evaluate quality. The procedure contains four steps. 1) Participants become familiar with describ-
ing the attributes of stimuli, and they develop their individual vocabulary in two consecutive tasks.
2) An attribute list is generated in a triad stimulus comparison using an elicitation method called
Repertory Grid Technique. 3) The developed attributes are used to generate scales for the evalua-
tion. Each scale consists of an attribute and its minimal and maximal quantities. 4) Test participants
train and evaluate quality according to the attributes developed. The data are analyzed through hi-
erarchical clustering to identify underlying groups among all attributes and Generalized Procrustes
Analysis [76] to develop perceptual spaces of quality. Compared to the other descriptive meth-
ods, the four-step procedure for individual vocabulary training can be time consuming. However,
analysis of IVP is relatively easy, and the researcher’s interpretive process comes at the very end
compared to interview-based methods. The Repertory Grid Methodology was earlier applied by
Berg and Rumsey [119] to identify spatial attributes of sound reproduction.
Although the review of applications of sensory evaluations shows that there are various meth-
ods for studying perceived multimedia quality quantitatively and qualitatively, the methods do not
combine both approaches (Table 2.8). The author sees a challenge of modern evaluation methods
also in the combination of quantitative and descriptive data sets in accordance with the theory of
mixed-methods research.
2.5. Mixed methods in audiovisual quality evaluation
In multimedia quality evaluation methods, triangulation is the commonly applied mixed-methods
design. Jumisko-Pyykkö et al. [37] have introduced an approach of combined quantitative psycho-
perceptual evaluation and post-task interviews to explore experienced quality factors for audiovi-
sual quality with naïve test participants. The psychoperceptual evaluation thereby follows the ITU
recommendations for subjective quality evaluations [5, 39]. The experienced quality factors were
collected using a semistructured interview in which test participants described freely their evalua-
tion criteria used during the quantitative evaluation. Data-driven analysis, following the framework
of Grounded Theory [66], was used in the interview analysis. The analysis and interpretation of
both data sets were Vrst carried out independently and then integrated to support each other’s con-
clusions. The complementing results have indicated that experienced quality is constructed from
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Interview-based approach Consensus vocabulary pro-
Vling approach
Individual vocabulary pro-
Vling approach
Methods using this ap-
proach
Interpretation-Based Qual-
ity evaluation [38], Experi-
enced quality factors [37]
Flavor ProVle Method [40],
Texture ProVle Method
[40], Quantitative Descrip-
tive Analysis [40], RaPID
[69], ADAM [115]
Free-Choice ProVling [75],
Flash ProVling [120]
Vocabulary Elicitation Interview Group discussions and con-
sensus attribute list
Individual attribute list,
supporting task like
Repertory Grid Method
applicable
(Statistical) Analysis Coding (e.g., Grounded
Theory) and Interpretation
ANOVA, MANOVA, PCA,
MFA
GPA, (H)MFA
Participants 15 or more naïve test partic-
ipants
Around 10 highly trained
participants
Around 15 naïve test partic-
ipants
Used in Mixed-Methods
approaches
Yes No No
Applied in audiovisual
quality research
IBQ [38, 121, 122], Experi-
enced Quality Factors [37],
Contextual quality evalua-
tions [58, 60]
RaPID [69], ADAM [115] IVP [116, 117]
Table 2.8. – Descriptive methods
the impressions of low-level features of stimuli (e.g., audio, video, audiovisual impairments), high-
level factors (e.g., relationship of quality to use, content), and the most varied variable representing
the peaks or extremes of quality [14, 37]. This method may suUer from inaccuracy because the
descriptions are related to a set of stimuli instead of a single stimulus. However, the descriptive
task can be conducted quickly and can be easily adapted to the quality evaluations in challenging
circumstances (e.g., Veld) [60].
Triangulation is also applied in the method called Interpretation Based Quality (IBQ) [38, 67, 121],
adapted from [91, 92]. Comparable to Jumisko-Pyykkö et al.’s approach, IBQ also follows a two-step
evaluation procedure with naïve participants: 1) a classiVcation task using perceptive free-sorting
combined with an interview-based description task for quality attribute elicitation and 2) the psy-
choperceptual evaluation based on one quality attribute for quantitative evaluation. In the percep-
tive free-sorting task, test participants form groups of similar items and describe the characteristics
of each group. The free-sorting task with naïve participants produces comparable results to consen-
sus vocabulary approach with expert participants in terms of describing the same sensations and
the related wording of the attributes [91, 100]. However, the costs of free-sorting are lower because
of naïve test participants, missing training, and fast assessment of a large test set [100]. Extending
the idea of a free-sorting task, IBQ allows combining preference and description data in a mixed
analysis to better understand preferences and the underlying quality factors at the level of a single
stimulus [38]. However, the analysis of interview-based methods for large data sets is time consum-
ing because it requires a multistep procedure and interrater reliability estimations. In contrast to the
original deVnition of the method [38, 67], the term IBQ has been inconsistently used in later studies
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and has referred to only monomethodological designs (complementing psychoperceptual evalua-
tion) and variable procedures of descriptive tasks, especially in 3DTV-related research [121–123]. In
this paper, I will discuss IBQ as it was originally presented by Radun et al. [38] when referring to it
as mixed-methods research approach.
Summarizing the review of related work, audiovisual quality evaluation research has slowly
started to extend its approach from quantitative excellence evaluation to descriptive and mixed
methods to create a broader understanding of quality rationales. The work is integrated into eUorts
of user-centered evaluation of Quality of Experience, emphasizing the importance of high-level hu-
man perception integrating aUective, knowledge-based, or usage-based dimensions into evaluations.
However, the existing approaches of descriptive evaluations do not oUer possibilities of modeling
individual quality factors in common models. The methods of sensory evaluation and their ap-
plications in the food sciences show applicability of these methods to study relevant questions in
audiovisual quality evaluation. The methods of individual vocabulary proVling have shown to be
applicable to naïve assessors. First attempts to integrate these methods are found in unimodal audio
assessments but still lack the possibility to link these descriptive models to quantitative preferences.
The main goal of this thesis is to present Open ProVling of Quality (OPQ) as a new quality evaluation
method, which follows the methodological considerations of mixed-methods research approach to
create a deeper understanding of multimodal quality being applicable to naïve participants.
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This section introduces Open ProVling of Quality as a mixed-methods research approach for audiovisual
quality evaluations. OPQ combines psychoperceptual and descriptive evaluation into a combined eval-
uation approach. Beside theoretical considerations about planning, conducting, and analyzing an OPQ
study, I also introduce the whole method according to the standard reporting scheme for audiovisual
quality evaluation studies. This is an important aspect in introducing a new research method with re-
spect to reliability and validity of the results. Parts of this sections have been published in Strohmeier et
al., “Open ProVling of Quality: A Mixed Method Approach to Understanding Multimodal Quality Per-
ception,” Advances in Multimedia, vol. 2010, Article ID 658980, 28 pages, 2010. doi:10.1155/2010/658980
[214] and Strohmeier et al., “The Extended-OPQ method for User-centered Quality of Experience eval-
uation: A study for mobile 3D video broadcasting over DVB-H,” EURASIP Journal on Image and Video
Processing, special issue on Quality of Multimedia Experience, vol. 2011, Article ID 538294, 24 pages,
2011, doi:10.1155/2011/538294 [217].
3.1. General considerations
Open ProVling of Quality (OPQ) is a mixed-methods approach that combines the evaluation of qual-
ity preferences and the elicitation of idiosyncratic experienced quality factors. It uses quantitative
psychoperceptual evaluation and, subsequently, an adaptation of Free-Choice ProVling. OPQ is
’open’ in terms of being “free from limitations, boundaries, or restrictions” [124] and “accessible to
new ideas” [125] to understand the participants’ construct of overall quality without restricting or
constraining their descriptions. The extension of quantitative methods with sensory evaluations en-
compassed evaluation of individually perceived quality with all the participants’ senses [63]. Hence,
sensory evaluation approaches guaranteeing that the system parameters are assessed holistically in
terms of overall quality. The term ’proVle’ refers to the representation of “the outline [of some-
thing]” [125], targeting some kind of identity, characteristics, descriptions, and structure for the
phenomenon under study. OPQ conceptualizes test participants’ individual quality factors in com-
mon spaces and allows linking these models with quantitative preferences of quality. The idea of
descriptive evaluation goes beyond identiVcation of which parameter is superior or whether para-
meters in the implementation of a new system should be changed. Although we cannot assume that
every verbal descriptor directly relates to a speciVc quality parameter, the mix of quantitative and
descriptive evaluation deepens the understanding of underlying quality rationales beyond speciVc
research questions [63, 71]. The goals of an Open ProVling of Quality study are as follows:
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1. to deVne the excellence of overall quality for diUerent stimuli using quantitative psychoper-
ceptual evaluation methods;
2. to understand the characteristics of quality perception by collecting individual quality at-
tributes using qualitative sensory proVling methods;
3. to combine quantitative excellence and qualitative sensory proVling data to construct a link
between preferences and quality attributes;
4. to provide a test methodology that is applicable to use with naïve test participants.
3.1.1. Research procedure
The original Open ProVling of Quality approach [214] as a research method consists of three subse-
quent parts (see Figure 3.1): psychoperceptual evaluation, sensory proVling, and external preference
mapping. The studies with the Vrst two methods are independently conducted in subsequent tasks.
Their data can be combined in the latter part. During the development of OPQ in a constructive re-
search approach, the procedure has been extended with a last step of data analysis. The component
model aims at developing a general model of QoE components from the individual attributes. For
an OPQ study, this step is not mandatory.
Figure 3.1. – Overview of the subsequent parts of an Open ProVling of Quality study including their respec-
tive research questions.
3.1.2. Test participants
OPQ is designed to be applicable for naïve test participants with predeVned sensory acuity criteria.
In my understanding of ’naïve’, the author follows the deVnition of ISO EN 8586-2 [45]. Naïve is
deVned as not meeting any particular selection criterion for assessment tests, neither having expe-
rience in the research domain nor in the evaluation task [45, 69]. Naïve participants are expected
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to give holistic quality evaluations and produce unbiased results due to lack of knowledge about
the test stimuli and their production while expert assessors are trained for accurate, detailed, and
domain-speciVc evaluation tasks (e.g., visual artifacts) [75, 126]. However, a common sensory acuity
level is required for all test participants to make sure that the results are not biased by sensory in-
accuracy. These tests encompass screening of visual acuity tests for myopia and hyperopia (Snellen
index: 20/40), and color vision according to Ishihara [39], hearing threshold with respect to ISO
7029 [127], or, in given cases, 3D vision using the Randot Stereo Test (>60 arcsec). The common
sensory level is an important requirement in establishing the validity of OPQ results. The sample
selection contributes to the external validity of the study and deVnes how well the results from the
sample tested generalize to some broader population of interests [6]. The recommended number of
participants according to ITU recommendations is at least 15 [5, 39]. However, the author recom-
mends 25-30 participants for the psychoperceptual evaluation to provide good statistical validity in
within-subject designs [128]. For sensory proVling and the external preference mapping, a mini-
mum of 12-20 participants is needed. This number of test participants assures that sensory analysis
and external preference mapping have a suXciently large data set [129] for valid results. However,
it has been reported that a further increase of test participants may lead to an increase in error and
noise in the analysis rather than useful additional information [82].
3.1.3. Scheduling the experiments
In OPQ studies, the psychoperceptual evaluation task is conducted prior to the sensory proVling.
Although the order of the tasks may not have an impact on the outcome, as discussed by Faye et al.
[100], it is recommended to begin with the psychoperceptual evaluation as assessors are “clear of
inWuence” [100]. In addition, the following proVling task can be accomplished more precisely be-
cause of the already-existing comprehension of the stimuli in the test. Due to the duration of each
individual study, OPQ experiments are usually divided into several sessions. A meaningful separa-
tion into sessions may depend on the number of test items. Depending on their number and the
length of time needed for each item, as well as the Vnal speciVc design of each part, psychopercep-
tual evaluation and sensory proVling will take 90-120 minutes. Commonly, the length of each part
forces the researcher to conduct OPQ in two or three sessions. Variations in session division have
been used in the constructive development of OPQ (see section 4).
3.2. Psychoperceptual evaluation
Research goal within Open ProVling of Quality: The goal of psychoperceptual evaluation is to
assess the degree of excellence of the perceived overall quality for multimedia.
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3.2.1. Data collection
Psychoperceptual evaluation of OPQ is based on the standardized quantitative methodological rec-
ommendations [5, 39, 44]. The selection of the appropriate method needs to be based on the goal
of the study and the perceptual diUerences between stimuli. All these methods have been applied
widely in the Veld of audiovisual quality evaluations and have proven their reliability and validity.
I chose to follow their guidelines to design and conduct the experiments and the quantitative data
analysis. For the evaluation task, assessment of the overall quality of the stimuli was chosen with
respect to the general design characteristics of OPQ:
1. It can be used to evaluate heterogeneous stimuli material (e.g., multimedia quality) to develop
the global or holistic judgment of quality. Doing so is controversial in assessment of a certain
quality attribute, such as brightness, pitch, or synchrony [69].
2. It assumes that both stimuli-driven sensory processing and high-level cognitive processing in-
cluding knowledge, expectations, emotions, and attitudes are integrated into the Vnal quality
perception of stimuli [9, 37, 40].
3. It is a suitable task for consumer- or user-oriented studies of product development conducted
with naïve participants [40].
In addition, overall quality evaluations can be complemented with other simple evaluations. Espe-
cially for the consumer-oriented studies, the evaluation of an acceptable quality level as an indicator
of a minimum useful quality level can be appropriate for quality judgments for novel multimedia
services. The UC-QoE evaluation framework therefore provides Acceptance Threshold as additional
research method [57].
The test procedure during the data collection includes training and anchoring and the evaluation
task. In training and anchoring, participants familiarize themselves with the presented qualities and
contents used in the experiment as well as with the data elicitation method in the evaluation task.
Often a subset of the actual test set is used, representing the full range of quality in the study. In the
following evaluation task, the full set of test stimuli is presented according to the selected research
method. The stimuli can be evaluated several times. Presentation order should be changed between
repetitions as well as for diUerent test participants to avoid order bias eUects.
3.2.2. Method of analysis and results
The quantitative data can be analyzed using the Analysis of Variance (ANOVA) or its comparable
nonparametric methods if the presumptions of ANOVA are not fulVlled, especially normal distribu-
tion [4]. Coolican [4] suggests a combination of the Friedman test and Wilcoxon test as a nonpara-
metric alternative to ANOVA. FulVlling the Vrst goal of OPQ, the outdome of the psychoperceptual
evaluation is a preference ranking of the excellence of all test stimuli. These results can be translated
into preferences of treatments or test parameters under evaluation.
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The goal of the quantitative data analysis is to check if the independent variables had an eUect
on the dependent variable, i.e. the rating of acceptance or satisfaction of the test participants.
We assume related data. So Vrstly, one needs to check if there is a signiVcant diUerence in the
means among the diUerent parameters of the independent variable. 1 The most commonly applied
method is a one-way repeated measures ANOVA (Analysis Of Variances) . ANOVA checks if the
variability between the diUerent parameters of the independent variable, which is assumed to be
an eUect due to the independent variable, is larger than the variability within on level, which is
assumed to be given by chance [4]. However, ANOVA makes several assumptions that need to be
fulVlled. First, ANOVA requires normal distributed data per parameter. Commonly, a Kolmogorov-
Smirnov Test or a Shapiro-Wilk used to check for normal distribution [4]. Second, the data must
be interval data. Third, but most of the time neglected, the variability needs to be similar among
all parameters which can be checked with Levene’s test for homogeneity[4]. If the data to be tested
violates one of the requirements, especially normal distribution or data type, then one must apply
non-parametric methods of analysis. If your data violates the normal distribution assumption, then
the non-parametric alternative to the one-way ANOVA is the Friedman test [4]. For binary data,
e.g. the ratings of acceptance for determining the acceptance threshold, Cochran’s Q can test for
signiVcant eUects between parameters [130].
If the Vrst test Vnds any signiVcant eUect between parameters, then a second step of analysis
are post-hoc tests to check for signiVcant pairwise diUerences between parameters. Examples of
parametric post-hoc tests are ScheUe’s test or Tukey’s test. The non-parametric alternative is the
Wilcoxon Signed-rank test [4]. McNemar test applies for binary data [130].
As for unrelated data so parametric and non-parametric methods of analysis for unrelated data
exist. When analyzing data of a between-subject test design, a one-way ANOVA tests if signiV-
cant diUerences exist between three or more levels of between-subject parameters under the same
constraints as for related data. The non-related data equivalent is a Kruskal-Wallis test. Common
post-hoc tests for related data are the Bonferroni t test, the Mann-Whitney U test for unrelated data
and a Chi-square test for binary data pairs. [4]
3.3. Sensory evaluation
Research goal within Open ProVling of Quality: The goal of the sensory proVling is to under-
stand the characteristics of quality perception by eliciting individual quality attributes and modeling
them in perceptual spaces.
3.3.1. Data collection
OPQ partly follows the method of Free-Choice ProVling (FCP), originally introduced by Williams
and Langron in 1984 [74]. It adapts FCP because it allows naïve participants to use their own
1This is the H1 hypothesis. The H0 hypothesis for this ANOVA or Friedman test is that there is no signiVcant diUerence
in the means among the diUerent parameters of the independent variable [4].
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vocabulary, diUering sensitivities, and idiosyncrasies to describe the characteristics of products in a
multistep evaluation procedure [40, 74]. FCP is free of time-consuming panel training by reducing
training to a short task for each individual participant before sensory evaluation. However, FCP
produces comparable results to other methods of descriptive analysis [40, 75]. Furthermore, it is
well established in food sciences, acting as a good reference to the multimodal quality evaluation in
the other research Velds [131]. The sensory proVling task is again divided into subsequent phases
as proposed by related methods [117]. The phases allow introducing the method and the diUerent
tasks of the test participants in logical order to assure good quality of the sensory proVling data
(Figure 3.1): introduction, attribute elicitation, attribute reVnement, and evaluation.
3.3.1.1. Introduction
The introduction is focused on training test participants to explicitly describe quality with their
idiosyncratic quality attributes. These quality attributes are descriptors (preferably adjectives) for
the characteristics of the stimuli in terms of perceived sensory quality [40, 71]. The introduction
helps participants to understand the nature of the descriptive evaluation task. The descriptive skills
of test participants will limit the attribute elicitation [132]. The ability to express quality is an
important requirement for the participants to produce strong quality attributes [77]. In training,
I recommend starting with a small task of describing something familiar to participants, such as
apples. ‘Imagine a basket full of apples. What kind of attributes, properties, or factors can you use
to describe similarities and diUerences of two randomly picked.’ The researcher may help the test
participant to Vnd attributes, but he never oUers his own suggestions. After the introductory task,
participants start to describe the audiovisual quality during the attribute elicitation phase.
3.3.1.2. Attribute elicitation
The second phase aims at eliciting individual quality attributes that characterize the participants’
quality perception of the diUerent test stimuli. The actual extraction of attributes can be done using
diUerent elicitation methods available. In the original Free-Choice ProVling approach, assessors
noted attributes without limitations [74]. However, it has been reported that it was diXcult for
participants to develop their vocabulary, so supporting elicitation techniques should be applied [77,
117] (see section 2.3.4). OPQ applies the original elicitation technique in accordance with Williams
and Langron [74] in these studies because no additional beneVt in terms of attribute quality has
been found for the supporting tasks [77, 82]. Independently of the elicitation method, stimuli can be
replicated several times, and people need enough time to watch them and iteratively develop their
attributes, as became apparent during the development of OPQ. In general, attribute elicitation is a
very important step for successful sensory proVling because only the attributes found in this phase
will be taken into account in the later evaluation. Therefore, the author recommends taking the
time to be accurate during the introduction and attribute elicitation.
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3.3.1.3. Attribute reVnement
The attribute reVnement aims at separating strong attributes from all developed attributes for each
assessor. In FCP, participants may develop unnecessarily many attributes in their elicitation step
whereas strong attributes are needed for accurate proVling [82]. From the requirements for valid
verbal descriptors in sensory evaluation [40, 46, 71, 72] (see section 2.4.1), especially two rules
apply in describing a strong attribute. First, the participants must be able to deVne the attribute
in their own words; that is, they must know very precisely which aspect of quality is covered by
the attribute. This is important for the interpretation of the results to understand the individual
attributes. Second, the attribute must be unique and nonredundant. Each attribute must describe
one aspect of quality. Following these rules, test participants are allowed to modify their list of
attributes after the elicitation phase. While I conducted the Vrst OPQ studies without limitation on
the number of attributes, it later was deemed useful to limit the maximum number of attributes. A
larger set of attributes can add more noise rather than additional information to the sensory data
[82]. However, this should be checked in a pilot study for speciVc needs. At the end of the attribute
reVnement, test participants write down a deVnition for each of the Vnal attributes. The attributes
are attached to a 10 cm long scale labeled with ’min’ and ‘max’ at its extremes (see Figure 3.2). Doing
so results in an individual score card per test participant to be used for the following evaluation.
Figure 3.2. – Examples of quality attributes with the related scale on a participant’s individual score card.
3.3.1.4. Evaluation
The evaluation is focused on quantifying the strength of sensation of each attribute on the score
card per stimulus. The stimuli are presented one by one, and the assessment of each attribute is
marked on the scale. ’Min’ means that the attribute is not perceived at all while ’max’ refers to a
maximum sensation. The evaluation is the actual phase of collection of descriptive data.
3.3.2. Methods of analysis and results
The goal of the sensory data analysis is to construct perceptual spaces that are low-dimensional
representations of the individual data sets. DiUerent methods of analysis are available in the Veld
of perceptual mapping, of which Principal Component Analysis (PCA) is the most common [40]. In
general, perceptual mapping techniques transform the attribute ratings on a set of test items into a
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model that consists of a small number of dimensions while explaining a large amount of the variance
of the input data. The problem with FCP data is that there is no agreement about attributes among
test participants due to the individual characteristics of each conVguration [133]. For analysis of
Free Choice ProVling data, individual diUerence methods must be applied according to Dijksterhuis
[133]. Two main approaches applied in sensory evaluation have been considered and applied in the
development of OPQ. Generalized Procrustes Analysis (GPA) represents the common method that
has been applied for a long time in sensory evaluation [40, 76, 133]. Multiple Factor Analysis (FMA)
[99] has become popular in recent evaluations because the method can also be applied to other
evaluation methods in descriptive analysis, such as sorting tasks. The results of MFA and GPA have
shown to be comparable [134].
3.3.2.1. Generalized Procrustes Analysis
When Free-Choice ProVling was introduced byWilliams and Langron [74], they referred to General-
ized Procrustes Analysis (GPA) as the method of choice for FCP data sets. By measuring the distance
from the beginning of the 10 cm long line to the mark for the rated intensity for each attribute on
a score card, the sensory sensation is transformed into quantitative values. Each test participant
thus produces one conVguration, that is, aM ×N -matrix with M rows = ’number of test items’ and
N columns = ’number of individual attributes’ (Figure 3.3a). Generalized Procrustes Analysis was
introduced by Gower [76] in 1975 and has been linked closely to the development of FCP [74, 133].
To analyze FCQ data, the individual conVgurations must be matched according to a common basis
(Figure 3.3). Gower [76] called this common basis consensus conVguration. Currently, researchers
refer to it as the GPA group average because this term is more representative of the common basis
[135]. The group average is the mean of the individual conVgurations. The individual conVgura-
tions thus pass through a three-step algorithm so that the residuals are minimized (Figures 3.3b-(d))
[40, 133]. Translation (Figure 3.3b) clears the level eUect, which can arise among participants due
to diUering use of the attribute scales. Geometrically, translation refers to matching all conVgura-
tions’ centroids. Then, rotation takes into account that attributes do not have the same meaning
due to the idiosyncratic characteristics. In rotation, the points of each conVguration are brought
to agreement (Figure 3.3c). This results in a residual between each pair of points. Finally, isotropic
scaling minimizes the residual between conVgurations (Figure 3.3d). These scaled conVgurations
can then be analyzed by conducting a PCA. The author refers to Dijksterhuis [133] for a review of
the mathematics of GPA and its applications to consensus and individual vocabulary approaches.
The result of the GPA is a low-dimensional perceptual model. The results are Vnally plotted as
item maps showing the loadings of each test item on the principal components and word charts (or
correlation plots) showing correlation of the individual attributes with the principle components of
the low-dimensional model. In contrast to interview-based evaluation methods (see section 2.3.4),
no personal data interpretation has been introduced in the analysis. At this stage, the researcher
will start to identify the principal components of the perceptual space, the GPA scores of the items,
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and the attributes’ correlation with the components to understand the rationale behind the model.
This fulVlls the second goal of the OPQ method.
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Figure 3.3. – Illustration of the three-step-algorithm of the Generalized Procrustes Analysis in accordance
with Dijksterhuis and Gower [135]. The example is based on two individual conVgurations that both
consist of four test items (A, B, C, and D) and two idiosyncratic attributes.
Kunert and Qannari [136] presented an alternative approach to analyzing sensory proVling data,
claiming this approach to be more applicable for FCP data analysis. Kunert and Qannari use
isotropic scaling of the individual conVgurations so that the sum of squares becomes equal for
all data sets. The scaling of the data assures a subsequent PCA that each conVguration has equal
contribution to the PCA model irrespective of its size. This approach does not use the geometrical
scaling of conVgurations as in the GPA but uses the variance of the original data seta for scaling.
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3.3.2.2. (Hierarchical) Multiple Factor Analysis
Multiple Factor Analysis (MFA) is a method of multivariate data analysis that studies several groups
of variables describing the same test stimuli and has been applied successfully in the analysis of
sensory proVling data [99, 111, 137, 138]. Its goal is a superimposed representation of the diUer-
ent groups of variables. This goal is comparable to that of Generalized Procrustes Analysis. It is
diUerence to GPA in terms of scaling the individual conVgurations. While GPA follows a geomet-
rical approach and scales the data sets to the group average, MFA aims at respecting the individual
structure of each individual conVguration. MFA starts with conducting a separate PCA for each
assessor’s conVguration. Doing so detects a common structure per conVguration. From the PCA
result, the Vrst singular value is chosen as a normalization factor for the conVguration. The Vrst
singular value is the matrix equivalent of the standard deviation and can be calculated as the square
root of the Vrst eigenvalue of the PCA [99, 137]. This normalization assures equal contribution of
conVgurations comparable to the approach of Kunert and Qannari. The normalized matrices are
then merged into a global data matrix on which a second PCA is computed. The results of the MFA
are comparable to those of a GPA. The model can be plotted as item maps (loadings of each test
item) and correlation plots. In addition, MFA allows for visualizing the impact of each individual
assessor as partial plots by projecting each conVguration onto the global analysis [137, 138]. Thus,
MFA allows for simultaneous analysis of a structure common to all conVgurations as well as anal-
ysis of speciVc structures of only some or even individual conVgurations. A further advantage of
the MFA in the analysis of sensory data is its Wexibility. In MFA, a Principal Component Analysis is
conducted for every group of variables. The data within each of these groups must be of the same
kind but can diUer across the diUerent groups. This allows taking into account additional data sets.
In sensory analysis, these data sets are often objective metrics of the test stimuli that are included
in the MFA as supplementary variables, providing deeper insight on the model [139].
The approach of MFA has been extended to Hierarchical Multiple Factor Analysis (HMFA) by
Dien and Pagès [109]. HMFA is applicable in comparisons of data sets of similar structure (Figure
3.5) or for data sets organized hierarchically (Figure 4.10). The HMFA is basically an MFA on each
hierarchical level of the data set. Examples of the application of HMFA in sensory analysis are
the comparison of the results of diUerent sensory research methods, sensory proVles of untrained
assessors and experts, and the combination of subjective and objective data [109, 140, 141].
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Figure 3.4. – The principle of Multiple Factor Analysis based on a set of individual conVgurations. The steps
in dashed lines are optional and depend on the data set. Usually they must be performed for FCP data.
Figure 3.5. – Example for a hierarchical relationship within a data set of sensory evaluations. The hierar-
chical structure can be analyzed by applying Hierarchical Multiple Factor Analysis. The data set is taken
from Study 4 (see section 4.5).
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3.3.2.3. Issues of validity in analyzing sensory proVling data
Validity is an important aspect in the analysis of OPQ data due to the individual characteristics of
the conVgurations. Here, the signiVcance of the output model of GPA or MFA must be discussed
because this aspect has often been neglected in previous work. In general, the explained variance,
the amount of variance of the high-dimensional space that is represented by the GPA/MFA model,
is taken as a value of excellence for the GPA or MFA results [40]. Although the explained variance
is an important aspect of the validity of the analysis, it does not contain information about the
validity of the GPA group average or the MFA model that is applied for normalizing and scaling
the data sets [142–144]. Wakeling et al. [143] introduced a signiVcance test for the GPA group
average, which the author adapted for MFA within this thesis. In their approach, Wakeling et al.
test whether the obtained structure of the GPA group average or the MFA model is derived from
structures in the input data set or given by chance. They apply a permutation test in which the
rows of each conVguration are permuted randomly and total explained variance for these permuted
data sets is calculated. This result represents the chance level of the explained variance. Through a
large number of repetitions on diUerent permutations, Wakeling et al. calculate a distribution of the
chance level and then calculate its 95% quantile (Figure 3.6). SigniVcance of the GPA group average
or MFA result is given if the explained variance of the original data set is higher than the 95%
quantile. The test presents an easy way to check the signiVcance of GPA and MFA models obtained
within this work. The result for each data set is presented in Table 3.1. For further discussions
about permutation tests and their importance in assessing signiVcance in multivariate analysis see
Dijksterhuis and Heiser [142].
Study and method of analysis Explained variance of the
GPA/MFA model
95% quantile from the per-
mutation tests (1000 per-
mutations)
Model signiVcant?
Study 1; GPA 81.4% 72% yes
Study 2; GPA 81% 55,7% yes
Study 3; MFA 30% 15.2% yes
Study 4, laboratory; MFA 56.4% 24.7% yes
Study 4, context; MFA 47.8% 28.7% yes
Study 5, CP data set; MFA 53.4% 37% yes
Study 6, Sorted Napping; MFA 62.7% 57.8% yes
Table 3.1. – Results of the signiVcance test with 1000 permutations according to Wakeling et al. [143] for
each sensory data set within this thesis.
3.4. External Preference Mapping
Research goal within Open ProVling of Quality: The goal of the External Preference Mapping
(EPM) is to combine quantitative excellence and sensory proVling data to construct a link between
preferences and quality construct.
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Figure 3.6. – An example of the signiVcance test for MFA results in accordance with Wakeling et al. [143].
The data are based on the data set collected in Study 4 (see section 4.5).
In general, External Preference Mapping maps the participants’ preference data into the percep-
tual space obtained from sensory analysis, thereby enabling the understanding of perceptual pref-
erences by sensory explanations2 [129]. EPM is carried out using methods of multiple polynomial
regressions, for example, Partial Least Square Regression (PLS) [145, 146] or PREFMAP [129, 147].
While PREFMAP is an approach to regress quantitative data from the psychoperceptual evaluation
onto the GPA or MFAmodel, PLS takes into account both data sets in the calculation of a PLS model.
PREFMAP is a regression analysis in which the GPA/MFA model is the independent variable and
the preference data constitute the dependent variable [147]. The general regression model can be
formulated as Y = α +
∑
i aiXi +
∑
i biX
2
i , with Y being the preference data and X being the
sensory dimensions (i = 1,...,number of participants). For the regression, in general, two diUerent
models are assumed. The linear regression (or vector model) refers to cases in which preferences
refer to maximum sensation of sensory attributes (bi = 0). McEwan [129] refers to it as the “’the
more, the better’ type acceptance behaviour”. Preferences are mapped as vectors into the sensory
2In contrast to External Preference Mapping, also Internal Preference Mapping (IPM) exists . However, IPM does not
allow connecting sensory and psychoperceptual data. It only contains a PCA of the preference data to be able to
understand diUerent preference patterns, e.g. from diUerent user groups [129].
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model, and the length of the vector is a measure for the degree of acceptance of the respective
participant; that is, the preference increases with the length of the vector. Problems with this
model occur in cases for which the preference does not correspond to a maximum (or minimum)
sensation of an attribute. The ideal point model (or circular model) models preferences for the
“’some amount is ideal’ type acceptance behaviour” [129]. It calculates an optimum (maximum or
minimum) preference point on the perceptual space, which is inWuenced by all sensory dimensions
resulting in circular contours around the ideal plot [129, 147]. PREFMAP algorithms used within
this thesis provide possibilities for automatically determining the best solution for the regression
and calculating the output as either a linear or a circular model.
Partial Least Square Regression [145, 148] (also known as projection on latent structures [146])
is a multivariate regression analysis that tries to analyze a set of dependent variables from a set of
independent predictors. In sensory analysis, PLS is used as a method for the External Preference
Mapping with the goal of predicting the preference (or hedonic) ratings of the test participants from
the sensory characteristics of the test items, obtained during the sensory evaluation of OPQ [148].
It addresses the shortcomings of PREFMAP in which the space chosen for the regression does not
represent the variability of the preference data. PREFMAP performs a regression of the quantitative
data on the space obtained from the analysis of the sensory data set. The advantage of applying
PLS is that it looks for components (often referred as latent vectors T) that are derived from a
simultaneous decomposition of both data sets. PLS therefore applies an asymmetrical approach
to Vnding the latent structure [146]. The latent structure T of the PLS is a result of the task of
predicting the preferences Y from the sensory data X. T would not be the same for a prediction of
X from Y. The PLS approach allows taking into account both hedonic and sensory characteristics of
the test items simultaneously [145, 146]. As a result of the PLS, a correlation plot can be calculated.
This correlation plot presents the correlation of the preference ratings and the correlation of the
sensory data with the latent vectors. By applying a dummy variable, even the test items can be
added to the correlation plot. This correlation plot refers to the link between hedonic and sensory
data that is targeted in External Preference Mapping.
With the results of the External Preference Mapping, the goals of OPQ are achieved. The theoret-
ical description and the presented guidelines in this section contribute to the reliability and validity
of the method. To support the applicability of the developed method in multimedia quality re-
search, the next chapter will present four experiments conducted in the Veld of mobile, audiovisual
3D quality. The Vrst experiment explores experienced audiovisual quality when room acoustics,
audio reproduction, and visual presentation mode (2D/3D) on a midsized screen are varied. The
second experiment investigates the inWuence of diUerent 3D video coding methods on experienced
quality on small screens. In the third experiment, diUerent transmission parameters for an opti-
mized DVB-H transmission of 3D mobile content are examined. Finally, the fourth study probes
the applicability of Open ProVling of Quality in the context of use in contrast to laboratory evalua-
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tions. In all experiments, the level of quality can be considered as moderate, containing perceivable
impairments in all presentations.
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4. Application of OPQ in audiovisual quality research for 3D
mobile media
This section presents the results of four OPQ studies I conducted in the context of mobile 3D media.
The series of studies presents diUerent research questions that have been answered by the application
of Open ProVling of Quality. For each study, a methodological contribution and an application-related
research problem are deVned at the beginning. Overall, the studies contribute to the validity and re-
liability of results obtained from Open ProVling of Quality. Parts of this chapter have been published
in Strohmeier et al., “Open ProVling of Quality: A Mixed Method Approach to Understanding Mul-
timodal Quality Perception,” Advances in Multimedia, vol. 2010, Article ID 658980, 28 pages, 2010,
doi:10.1155/2010/658980 [214], Strohmeier et al., “The Extended-OPQ method for User-centered Quality
of Experience evaluation: A study for mobile 3D video broadcasting over DVB-H,” EURASIP Journal on
Image and Video Processing, special issue on Quality of Multimedia Experience, vol. 2011, Article ID
538294, 24 pages, 2011, doi:10.1155/2011/538294 [217], and Strohmeier et al., “Open ProVling of Quality:
Probing the Method in the Context of Use,” Proc. of the Third International Workshop on Quality of
Multimedia Experience (QoMEX 2011), Mechelen, Belgium, 2011 [218].
4.1. Quality optimization of a DVB-H broadcasting system for mobile 3DTV
Sensory evaluation is regarded as a global problem. It does not target the evaluation of just one spe-
ciVc research question but should be seen as a tool to study a bigger research problem from diUerent
perspectives [63]. Consequently, the development of new research methods must be embedded in a
Veld of research in which sensory evaluation can be applied to diUerent research questions so that
the new methodology can reveal its strengths and limitations.
The methodological development of Open ProVling of Quality was embedded in the develop-
ment process of a system for mobile 3DTV content delivery over an optimized DVB-H system
(MOBILE3DTV) [209, 210]. Three-dimensional media are currently emerging in consumer sys-
tems and are expected to provide better experiences for users through higher immersion and the
stronger feeling of presence [149]. While the general concept of 3D media systems is related to large
3D screens for home entertainment or cinemas, users have reported possible Velds of application
of 3D media on mobile devices [209, 210, 216]. Technically, challenges with optimizing a mobile
3DTV system exist along the whole production chain from capturing and encoding of content and
error-resilient transmission to post-processed visualization on small-sized autostereoscopic screens
[150][209, 219]. Each step of the production chain of mobile 3D television and video adds impair-
ments to the content, and impairments and errors then propagate along the production chain. Boev
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et al. [151] provide an extensive overview of impairments of artifacts in mobile 3D television with
respect to each segment of the production chain (Figure 4.1).
Figure 4.1. – ClassiVcation of artifacts of mobile 3D video with respect to the diUerent stages of the produc-
tion chain and spatial, temporal, and depth domains [151]
From the viewpoint of subjective quality, the quality of 3DTV is, in general, determined by three
blocks: video quality, depth perception, and visual comfort. The model of 3D Visual Experience by
Seuntïens [152] is an extension of the general image quality circle by Engeldrum [41] and extends
Engeldrum’s model with depth perception and visual comfort. In the model, visual quality and depth
perception are summarized in the concept of naturalness [152, 153]. However, current studies in
experienced quality of 3DTV have shown that quality has been studied separately only for diUerent
stages of the production chain. Studies in 3DTV research evaluated video quality with respect to
coding errors, chroma, depth rendering, and 2D-3D comparisons or display-related artifacts like
crosstalk between the channels [154–159]. However, recent studies have begun to go beyond the
common quality factors to evaluate the impact of content or the impact of diUerent display sizes
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with respect to mobile 3D applications [122, 123]. In addition to video quality, the understanding
of visual discomfort has played an important role in 3D video evaluations [160–162]. Although
studies have addressed diUerent aspects of the production chain of mobile 3D television and video,
no systematic evaluation along the production chain has yet been undertaken.
Within my work in quality optimization for mobile 3DTV, a series of studies along the production
chain of MOBILE3DTV was conducted [214, 217, 218, 220]. With respect to the goal of sensory
evaluation targeting a bigger research problem from diUerent perspectives [63], diUerent research
questions were addressed. The basis of all studies was the user requirements for mobile 3D video and
television, which were elicited at the beginning of the project [216]. Within the studies, diUerent
quality parameters as well as spatial and temporal characteristics of the test stimuli were varied
to achieve a broad representation of impact factors within the series. Following, the author will
present four studies in which Open ProVling of Quality was applied successfully to attain a broader
understanding about experienced quality in comparison to common psychoperceptual evaluations.
4.2. Study 1: Experienced Quality of Audiovisual Depth
Methodological contribution: The study shows that naïve participants are able to describe their
individual quality factors and to use these idiosyncratic descriptions to evaluate perceived quality.
These attributes are derived from diUerent levels of descriptions, from technical level to aUective
attributes, and indicate that perceived quality goes beyond perception of technological parameters.
Further, the study shows the applicability of OPQ in studying individual diUerences in sensory
evaluations.
Research problem for MOBILE3DTV: The goal of the Vrst experiment is to explore the inWu-
ence of audiovisual depth on perceived quality. In the previous work, bimodal depth experiences
were studied for virtual reality systems with large screen sizes and very high-quality multichannel
audio, or only one modality was explored at a time [18, 149, 163][221]. This study investigates mul-
timodal quality perception applying OPQ when depth is varied in visual and auditory modalities.
The independent variables are mono- and stereoscopic visualizations on a mid-sized screen and
audio-related room acoustic simulations for small and large spaces with multichannel loudspeaker
reproduction.
4.2.1. Research method
4.2.1.1. Test participants
Twenty-Vve naïve assessors took part in a psychoperceptual quality evaluation task (gender: 9
females, 16 males; age: 18-27 years) [45, 46, 126]. Sensory proVling was conducted with a subsample
of 19 participants. All participants had normal or corrected-to-normal visual acuity and normal
audio acuity.
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4.2.1.2. Test stimuli
We varied depth in visual presentation mode (2D/3D) and room acoustic simulations (small/large
room) in audio. Two diUerent audiovisual contents, rendered from diUerent sized virtual rooms,
were used. Visually, a sharp display oUers the possibility of physically switching between 2D and
3D presentation of the content. For the audio part, the IAVAS player oUers functions to render
diUerent room acoustics [164].
In a large room, visualized as a classroom, the audio was the voice of a male speaker, and the
sound source was represented by a manikin (see Figure 4.2a). In a small room, visualized as a
student’s living room, the audio consisted of drums and bass music, and the sound source was
represented by a laptop (see Figure 4.2b). The users’ movement through the room was automated.
It consisted of a straight movement towards the sound source and then a turn to the left and the
right. In total, eight 15-second long stimuli were used in the experiment.
(a) The virtual classroom with manikin as
avatar
(b) The virtual living room with laptop as
avatar.
Figure 4.2. – Snapshots of the content used in the study.
The rooms were designed using Maya software. For playback in the IAVAS I3D player [164], the
scenes were exported into Binary Format for Scenes (BIFS) . The audio was included using Advanced
Audio BIFS. The audio Vles were encoded with AAC at a bit rate of 128 kbit/s. The room acoustics
were modeled using the perceptual approach provided by the player. For each room, a suitable room
acoustic was modeled, taking into account the diUerent sizes and acoustical characteristics of the
rooms. To vary depth in audio perception, the room models were exchanged between the rooms.
4.2.1.3. Stimulus presentation
The tests were conducted in the Listening Lab at Ilmenau University of Technology, set according
to ITU Recommendation ITU-T P.910 [5]. The videos were presented on a 15” Sharp AL3DU stereo-
scopic display based on parallax barrier technology. The parallax barrier has a secondary LCD layer
that can be switched on and oU so that the screen can be used for monoscopic and stereoscopic
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videos. The viewing distance was 55 cm. The sound was played back on a four-speaker surround
setup at 30◦ and 110◦ and a distance of 1 m from the assessor [221]. The stimuli were repeated twice
in random order for psychoperceptual evaluation.
4.2.1.4. Test procedure
Psychoperceptual Evaluation
Prior to the actual evaluation, training and anchoring were conducted. Participants trained for
viewing the scenes (i.e., Vnding a sweet spot) and conducting the evaluation task were shown all
contents and the range of constructed quality, including four stimuli. Absolute Category Rating
was applied for the psychoperceptual evaluation for the overall quality, rated with an unlabelled
11-point scale [5]. In addition, the acceptance of overall quality was rated on a binary (yes/no) scale
[57]. All stimuli were presented twice in a random order. The simulator sickness questionnaire
(SSQ) was Vlled out prior to and after the psychoperceptual evaluation [165][222].
Sensory ProVling
The Sensory ProVling task was based on Free-Choice ProVling [74] methodology. The procedure
had four parts carried out in two sessions over three days. 1) An introduction to the task used the
imaginary apple description task. 2) During attribute elicitation, all stimuli were presented three
times, one by one. The participants were asked to write down their individual attributes on a blank
sheet of paper. Participants were not limited in the number of attributes, nor were they given
any limitations in describing sensations. 3) During attribute reVnement, participants were given
a task to rethink (add, remove, change) their attributes to deVne their Vnal list of words. The list
was transformed into the assessor’s individual score card. Finally, four randomly chosen stimuli
were presented once, and the assessor practiced the evaluation using a score card. In contrast to
the following evaluation task, all ratings were done on one score card. Thus, the test participants
were able to compare the diUerent intensities of their attributes. 4) During the evaluation task,
the stimulus was presented three times in a row, and the participants rated it on a score card. If
necessary, they could ask for a fourth repetition.
4.2.1.5. Methods of Analysis
Psychoperceptual Evaluation
Nonparametric methods of analysis were used (Kolmogorov-Smirnov: P<.05). Friedman’s test is
applicable to the measurement of diUerences between several ordinal dependent variables and
Wilcoxon’s test to their pairwise comparisons [4].
Sensory ProVling
The sensory data were analyzed using Microsoft Excel and the GPA routine of XLSTAT 2.9.0. The
data were also analyzed using Kunert and Qannari’s method [136]. Because the GPA produced
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stronger results in terms of explained variance of the model, the GPA model will be used for further
analysis.
4.2.2. Results
4.2.2.1. Psychoperceptual Evaluation
Acceptance of Overall Quality
All presented stimuli provided a highly acceptable quality level, reaching an acceptance level of 83%
at the minimum. The test parameters did not have an impact on the acceptance of overall quality
(Cochran’s Q = 0.79, p > .05, ns). All items were rated equally (McNemar: all comparisons p > .05).
Overall Quality Satisfaction
Visual presentation modes and room acoustic simulations did not have signiVcant inWuence on the
overall quality satisfaction (Friedman, Fr = 3.341, df = 7, p > .05, ns). All stimuli were equally rated
(all pairwise comparisons p > .05, ns).
4.2.2.2. Sensory Evaluation
The Vrst three components of the GPA model contribute to 81.37% of the explained variance. Con-
sidering the elbow criteria and the Heymann and Lawless’ rule of interpretability [101], these Vrst
three components of the PCA were used for further data interpretation. To understand the percep-
tual space, the attributes and test stimuli are plotted in the model, resulting in a three-dimensional
space. For better interpretation, component 2 and component 3 are always plotted against compo-
nent 1 to render two-dimensional slices of the perceptual space shown in Figures 4.3 and 4.4.
The item names are substituted for by the corresponding variables. Comparing variables and
separation of items in the perceptual space allows for determining the components. Figure 4.3
shows that Dimension number 1 (PC1) relates to content (classroom or student’s room). Dimen-
sion number 2 (PC2) separates the test items according to the visual Presentation Mode (2D or 3D
presentation). PC2 is identiVed as “video quality”. Dimension number 3 (PC3) divides the items
according to the room acoustics (simulated small room and simulated large room). It relates to the
“audio quality” of the stimuli. Although this interpretation was based on the test items or their
related test parameters, we will refer to the quality aspects of content, video representation, and
room acoustics in further interpretation. This Vrst Vnding conVrms that test participants derived
their individual quality factors from the chosen test parameters.
Correlation of Attributes and the Perceptual Space
The attributes can be classiVed into two diUerent groups. First, technical descriptions directly de-
scribe the characteristics of the test variables (like reverberation or grainy). The second group of
attributes is characterized by experiences, subjective impressions, and feelings about the test items
(e.g., monotone, lively, or obtrusive). This group is called impression descriptions. Word charts
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Figure 4.3. – PC1-PC2 slice of the model showing test items plotted into the GPA model. The brown and
green arrows indicate the dimensions of content (PC1) and video representation (PC2).
represent the correlation of the individual attributes with the perceptual space (see Figures 4.5 and
4.6). The closer an attribute is placed to one of the dimensions, the more it correlates with this
dimension. Attributes placed between two dimensions correlate with both dimensions equally.
The Dimension “Content” (PC1, 37.09% of Explained Variance) I was able to identify the two
polarities of this dimension as classroom on the one side and student’s room on the other side. But
only a few attributes such as ’unpleasant voice’, ’comiclike’ or ’messy’ describe the content or the
layout of the room directly. PC1 is more a description of the individual impression of the content.
Descriptions like ’lifeless’, ’emotional’ and ’likeable’, or ’monotone’ and ’sterile’ highly correlate
with one of the two polarities, respectively. The high amount of impression descriptions shows that
quality perception is formed on an abstract level by the test participants. The assessors were able to
Vnd individual attributes that describe quality on a general level among the test items.
The Dimension “Visual Presentation Mode” (PC2, 25.38% of Explained Variance) The po-
larities agree with varied visual presentation modes (mono (2D), autostereoscopic (3D)). The 2D
polarity shows descriptions of ’sharpness’ or ’sharp edges’, ’high contrasts’, ’clear’, ’light’, or ’col-
orful’. In contrast, 3D presentation mode is described with a negative description of the visual
artifacts, such as ’skewed outline’, ’unclear’, or ’interlaced lines’. It seems that the artifacts and
reduced brightness of 3D results from limitations of the display technique (parallax barrier and
viewing angle of the display). However, the results also show the participants’ ability to experience
visual depth. It is described as ’integration’, ’three-dimensional’, ’spacious’, or ’tangible’.
52
4.2. Study 1: Experienced Quality of Audiovisual Depth
classroom / large 
room acoustics / 2D
living room / large  
room acoustics / 2D
classroom / large  
room acoustics / 3D
living room / large  
room acoustics / 3D
0
10
20
30
40
-70 -50 -30 -10 10 30 50 70
m
en
si
on
 3
 (1
8.
9%
)
classroom / small 
room acoustics / 2D
living room / small  
room acoustics / 2D
classroom / small  
room acoustics / 3D
living room / small  
room acoustics / 3D
-40
-30
-20
-10D
im
Dimension 1 (37.09%)
Figure 4.4. – PC1-PC3 slice of the model showing test items plotted into the GPA model. The brown and
green arrows indicate the dimensions of content (PC1) and room acoustics (PC3).
The Dimension “Room Acoustic Model” (PC3, 18.9% of Explained Variance) PC3 also cor-
responds directly to the varying room acoustic models used in the test. The dimension can be
considered in terms of the extreme values in the large room and the small room. While the small
room acoustics are described as being poor, many quality factors can be found for the large room
acoustics. In this dimension, technical descriptions dominate. The large room correlates with a high
amount of reverberation, ’full spacious sound’, and ’Vlling the room’. On the level of impression de-
scriptions, PC3 is characterized as ’imaginable’, ’insistent’, or ’shrill’.
Interpretation of perceptual spaces between assessors Attributes that correlate with more
than one dimension can be interesting, especially attributes that correlate with PC2 and PC3 as
they describe audiovisual eUects. Interdimensional attributes between audio and video dimension
are rare (see Figure 4.6). Especially, depth-related attributes, which one could expect to correlate
with both dimensions, correlate either with the video (spacious (P3)) or with the audio dimension
(spacious (P14)). These results show that depth was perceived or rated independently either in
auditory or visual perception. Further investigation of this Vnding showed that assessors favored
either audio or video for deriving their quality attributes. By plotting the assessors’ attributes into
the perceptual space independently, I was able to Vnd sensory preferences among participants.
The usual goal of the GPA is to Vt all assessors’ conVgurations to a common consensus [76] with
the aim of modeling a common quality rationale for all assessors. Individual diUerences among
the test participants are not taken into account. Figure 4.7a shows the correlation of attributes
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Figure 4.5. – GPA correlation loadings with attributes in the space of PC1 and PC2
with PC1 and PC2. It is remarkable that attributes from Participant #1 (shown as stars) correlate
only with PC1 or the content dimension. In contrast, quality factors from Participant #13 (squares)
show a high correlation with the dimension of video quality (PC2). Attributes from Participant #14
(dots) rarely are mapped along PC1 and PC2. Instead, they correlate highly with the audio quality
component, as can be seen in Figure 4.7b. What can be seen from these plots is that participants
use diUerent parameters of the test items to derive their individual quality parameters from. An
analogous analysis for other assessors shows that only few of them use two or even three parameters
for deriving quality attributes. For example, items from participant #25 correlate with all three PCs
of the GPA model (see Figures 4.5 and 4.6).
4.2.3. Discussion and Conclusion
The results of psychoperceptual quality evaluation did not show the inWuence of audiovisual depth
on perceived quality. However, the results of sensory proVling oUered further understanding for
this Vnding. First, the nonsigniVcant diUerence was not caused by the nondetectable diUerences
between stimuli, as the participants qualitatively diUerentiated them. Second, the perceived depth
was highlighted by both modalities contributing to the overall audiovisual perception. Third, when
visual 3D presentation mode was used, it was described as spacious and three-dimensional, but more
importantly it was associated with several negative terms of inferiority. These Vndings conVrm that
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Figure 4.6. – GPA correlation loadings with attributes in the space of PC2 and PC3
the added value of the visual depth perception is acknowledged only if the level of visible artifacts
is low enough [152, 166].
The results also showed individual preferences for the quality of one modality. It is known that
there are modality-dependent individual diUerences in human information processing styles. For
example, categorizing visual and verbal information processing styles is common [114]. The Vnd-
ings in this study indicate that these diUerent processing styles can also contribute to Vnal multi-
modal quality judgments. Two suggestions for further study arise from these Vndings. First, the
inWuence of diUerent processing styles on multimodal quality perception with diUerent quality lev-
els and heterogeneous stimulus material needs to be addressed in detail to conVrm the phenomenon.
Second, for practitioners of audiovisual quality, a well-validated tool is needed to identify groups of
diUerent information processing styles and characterize these groups.
4.3. Study 2: Experienced Quality of Video Coding Methods for Mobile 3D
Television
Methodological contribution: The study conVrms the methodological goal of using Open Pro-
Vling of Quality to link quantitative and descriptive data by External Preference Mapping. External
Preference Mapping can provide sensory explanations for existing preference structures of psycho-
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perceptual results. Further, the study shows that naïve test participants are able to evaluate a large
set of test stimuli with a wide quality range in an OPQ study.
Research problem for MOBILE3DTV: The second study targeted the selection of an optimum
stereo video coding method for mobile 3D television and video applications. DiUerent approaches of
coding algorithms have been optimized for mobile 3D video [167]. No previous work had evaluated
these approaches in a large-scale study. In addition, previous work on stereo coding was mainly
conducted on still images [152, 154, 155]. These studies showed that the added value of stereoscopic
stimuli given for the uncompressed case is not valid for MPEG2 or JPEG compressed material [152,
154–156, 166]. In these cases, the depth perception did not increase the perceived overall quality of
the stimuli. This result indicates that visual quality dominates the overall quality perception. The
study targeted an evaluation of this Vnding for mobile 3D video.
4.3.1. Research method
4.3.1.1. Test participants
Forty-seven naïve assessors (gender: 23 females, 24 males; age: 16-37, mean: 24) took part in the
psychoperceptual evaluation task. Fifteen of them were randomly selected from this sample for the
sensory proVling task. All assessors passed a screening for visual acuity, color, and 3D vision and
were also among potential users of mobile 3D television [216]. Parents’ consent was required for
the participation of under-aged assessors.
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4.3.1.2. Test stimuli
Variables and Their Production
Four coding methods and two quality levels were varied in this study. The coding methods were
especially adapted for mobile stereo video [167]. As Video + Video approaches, H.264/AVC Simul-
cast [168], a straight-forward coding solution; H.264/AVC MVC as an advanced approach [169]; and
Mixed Resolution Stereo Coding (MRSC) [170] as a recently introduced coding approach were cho-
sen. In addition, Video + Depth using MPEG-C part 3 [171] as an alternative approach to the Video
+ Video coding methods was selected. As a coding proVle, the Baseline proVle, that is, IPPP struc-
ture and CAVLC (Context Adaptive Variable Length Coding), was used. The GOP size was set to 1.
A low and a high quality level were deVned for each test sequence. To guarantee comparable low
and high quality for all sequences, individual bit rate points had to be determined for each sequence.
For the deVnition of low quality for all sequences, the quantization parameters (QPs) for simulcast
coding were set to 30. The resulting bit rates for each sequence are given in Table 4.1. These bit
rates were used as target rates for the other three approaches.
Quality level Bullinger ButterWy Car Horse Mountain Soccer2
Low 74 143 130 160 104 159
High 160 318 378 450 367 452
Table 4.1. – Target bit rates of the Vnal test sequences for Study 2.
Two diUerent codecs were used for video encoding. H.264/AVC Reference Software JM 14.2
was used for the Simulcast, Mixed Resolution, and Video + Depth. MVC was performed using
H.264/MVC reference Software JMVC 5.0.5. The test stimulus production for Simulcast and MVC-
encoded sequences was straightforward according to the target bit rates in Table 4.1. To achieve
these target bit rates, the quantization parameters for the left and the right were both changed.
Thus, the left and the right views were of the same quality. The depth for the Video + Depth ap-
proach has been estimated from the left and the right view using a Hybrid Recursive Matching
algorithm [172]. The view synthesis was performed using Merkle et al.’s algorithm [173]. For the
generation of Mixed Resolution sequences, the right view was decimated by a factor of two in both
the horizontal and vertical direction. For up- and down-sampling, tools provided with the JSVM
reference software for Scalable Video Coding were used. The applied optimization approach is
described in [174]. The frame rate of all sequences was set to 15 fps.
Contents
Six diUerent contents were chosen to create the test stimuli (Table 4.2). The selection criteria for
the videos were spatial details, temporal resolution, amount of depth, and the user requirements for
mobile 3D television and video [216]. None of the contents contained scene cuts.
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Screenshot Genre and their audiovisual characteristics
Videoconference – Bullinger
VSD: med, VTD: low, VD: med, VDD: low, Length: 7.7 s
Animation – ButterWy
VSD: high, VTD: med, VD: med, VDD: low, Length: 7.7 s
Action/Movie – Car
VSD: high, VTD: high, VD: med, VDD: med, Length: 7.7 s
Nature/Documentary – Horse
VSD: high, VTD: low, VD: high, VDD: low, Length: 7.7 s
Nature/Documentary – Mountain
VSD: high, VTD: low, VD: high, VDD: high, Length: 7.7 s
Sports – Soccer2
VSD: med, VTD: high, VD: high, VDD: high, Length: 7.7 s
Table 4.2. – Snapshots of the six contents under assessment (VSD=visual spatial details, VTD=temporal mo-
tion, VD=amount of depth, VDD=depth dynamism)
4.3.1.3. Stimulus presentation
The controlled laboratory conditions were similar to Study 1. A NEC autostereoscopic 3.5” display
with a resolution of 428px x 240px was used to present the videos. This prototype of a mobile
3D display provides equal resolution for monoscopic and autostereoscopic presentation. It is based
on lenticular sheet technology [175]. The viewing distance was set to 40 cm. The display was
connected to a Dell XPS 1330 laptop via DVI. The stimuli were presented in a counterbalanced
order in both evaluation tasks. All items were repeated once in the psychoperceptual evaluation
task. In the sensory evaluation task, stimuli were repeated only when the participant wanted to see
the video again.
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4.3.1.4. Test procedure
Psychoperceptual Evaluation
The psychoperceptual evaluation followed the same method as described in Study 1. Test partici-
pants evaluated overall quality acceptance and satisfaction with overall quality in this study. The
session took about 90 minutes.
Sensory ProVling
Sensory proVling was conducted in a second session, lasting 75 minutes. A Free-Choice ProVling
approach was applied with the following subtasks:
1. Introduction – An introduction to the task was carried out using the imaginary apple descrip-
tion task.
2. Attribute elicitation – the test participants watched a subset of 24 randomly chosen test items.
While watching, they wrote down their idiosyncratic quality attributes. No limit for the
number of attributes was given in this step. During the last clips, the test participants were
encouraged to review their attributes by checking whether all quality aspects were covered
by their noted attributes.
3. Attribute reVnement – at the beginning of the attribute reVnement, the assessors were asked
to select a maximum of 15 attributes for their score card. After the selection, 12 test items
were presented, and the test participants evaluated these on their score cards. Furthermore,
the possibility of revising the score card (adding, removing, redeVning attributes) was given.
The score card was then Vnalized, and each assessor deVned his quality attributes.
4. Evaluation task – in the Vnal evaluation task, all 48 items were rated independently. Each item
was shown three times in a row to allow enough time for assessors to apply all attributes. The
rating time was not limited.
4.3.1.5. Methods of Analysis
Psychoperceptual Evaluation, Sensory ProVling, and External Preference Mapping
Psychoperceptual evaluation and Sensory ProVling were analyzed exactly as they were in Study 1.
External Preference Mapping was applied to map the users’ preferences into the perceptual space.
Two models can be used to describe the participants’ preferences: the vector model and the ideal
point model [147]. Within the PREFMAP method in XLSTAT, the most suitable model is chosen
automatically.
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4.3.2. Results
4.3.2.1. Psychoperceptual Evaluation
Acceptance of Overall Quality
All coding methods provide highly acceptable quality at the high quality level, 80% at the minimum.
At the low quality level, MVC and Video + Depth still reached a 60% acceptance level while the ac-
ceptance for MRSC and Simulcast was below 40%. The distributions of acceptable and unacceptable
ratings on the satisfaction scale diUer signiVcantly (χ2(10) = 2368, p < .001). The scores for nonac-
cepted overall quality are found to be between 1.4 and 4.2 (Mean: 2.8, SD: 1.4). Accepted quality was
expressed with ratings between 4.5 and 8.5 (Mean: 6.5, SD: 2.0). Thus, the Acceptance Threshold
can be determined as being between 4.2 and 4.5.
Overall Quality Satisfaction
At the high quality level, coding methods had an inWuence on quality satisfaction (Fr = 241.83, df
= 3, p < .001; Figure 13). MVC and Video + Depth provided the highest overall quality satisfaction
scores when averaging over the content (MVC versus V + D: Z = -.828; p > .05; ns), outperforming
MRSC and Simulcast (all pairwise comparisons: P<.001). The results were conVrmed for low quality
level (Fr = 648.97, df = 3, p < .001), where MVC and Video + Depth outperform MRSC and Simul-
cast (all pairwise comparisons p < .05). Content-by-content analysis showed that Video + Depth
outperformed all other methods at the high and low quality levels (all comparisons p < .01). For
ButterWy content, MVC had the best satisfaction scores for both quality levels (all comparisons: p <
.01). Coding methods did not have an inWuence on Bullinger content at the high quality level (Fr =
2.942; df = 3; p > .05; ns).
4.3.2.2. Sensory Evaluation
Fifteen assessors in the sensory proVling session developed 102 individual quality attributes.
IdentiVcation of Dimensions and Attributes
Considering Lawless and Heymann’s rule of interpretability [101], two dimensions were identiVed
as important for the GPA model. The Vrst two components of the GPA model had 88.36% explained
variance, of which PC1 covered the majority (83.32%). Figure 4.8 shows the item plot and Figure
4.9 the correlation plot of the GPA model. The analysis emphasizes attributes explaining more than
50% of the variance. As can be identiVed from the plots, PC1 is largely determined by video quality.
PC2 discriminates the items (Figure 4.8) into items with high amount of motion (soccer) and low
amount of motion (Bullinger).
Dimension 1 (“video quality”, 83.32% explained variance) PC1 shows a high correlation of
its negative polarity with attributes like ’blurry’, ’blocky’, or ’grainy’. On its positive polarity, it
correlates with attributes like ’sharp’, ’detailed’, and ’resolution’. This component describes the
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Figure 4.8. – The item plot of the GPA model showing the Vrst two principal components and the test items
within the space. Gray arrows mark users’ preferences, mapped into the model using PREFMAP
video quality. It separates the model into good and bad quality. The bad quality mainly contains
descriptions of artifacts.
Dimension 2 (“amount of motion”, 5.03% explained variance) Along PC2, static content
(Bullinger, Mountain, Horse) and content containing motion (ButterWy, Soccer2, Car) are separated
(Figure 4.8). It is remarkable that the explained variance of PC2 is very small compared to the Vrst
dimension. However, it is reasonable that the amount of motion has an impact on perceived quality
due to the applied coding methods. No attributes were identiVed to describe the perception of mo-
tion. A separate depth component was not identiVed in the GPA model. The correlation plot shows
that 3D-related attributes like ’spacious’, ’3D reality’, or ’background depth’ correlate with the pos-
itive polarity of PC 1. The results show that depth descriptions seem to be part of good quality. If
video quality is low due to coding artifacts, this quality degradation will exceed the additional value
provided by the stereoscopic video presentation. Depth will not be taken into account to describe
quality.
4.3.2.3. External Preference Mapping
The results show a preference for artifact-free stimuli (Figure 4.8). The content with the highest user
preference is identiVed along PC1. The least preferred items are all Bullinger clips at the opposite
side of the marks. It can also be seen that the Bullinger clips correlate with an attribute called
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Figure 4.9. – Correlation plot of the experienced quality factors. The Vgure shows the Vrst two principal
components of the GPA model and the correlation of the attributes with these components. Inner and
outer circles show 50% and 100% explained variance, respectively.
’redundant’. Although this attribute appears only once, it may explain the quantitative results of
Bullinger clips. Quantitative analysis has shown that the diUerences between coding methods are
rather small for Bullinger content. The ’redundancy’ of the Bullinger items may show that the
participants evaluated the content on a more aUective level, not according to its provided quality.
4.3.3. Discussion and Conclusion
The results of psychoperceptual evaluation showed that Multiview Coding and Video + Depth pro-
vide the highest experienced quality among the tested coding methods. They also represent con-
trary methods in the coding of 3D video. While MVC uses inter- and intra-view dependencies of
the two video streams (left and right eye), the Video + Depth approach renders virtual videos from
a given view and its depth map [167]. In addition, the provided quality level was highly acceptable
compared to other related studies within the MOBILE3DTV project [60].
The results of sensory proVling showed that artifacts are still the determining quality factor for
3D. The expected added value through depth perception was rarely mentioned by the test partici-
pants. When mentioned, it was connected to the artifact-free video. These results are in line with
previous studies concluding that depth perception and artifacts both determine 3D quality percep-
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tion [152, 156]. In contrast to Seuntïens’ model [152], the proVles in this study show a hierarchical
dependency between depth perception and artifacts. When the visibility of artifacts is low, depth
perception seems to contribute to the added value of 3D. With respect to stereo video coding meth-
ods, it appears that the compression of the depth map in Video + Depth approaches directly impacts
depth quality. In contrast, depth is not aUected in Video + Video approaches in related coding meth-
ods. Further work needs to investigate more deeply the interaction between artifacts and depth to
improve coding methods for mobile stereo video.
4.4. Study 3: Experienced Quality of 3D video transmission over DVB-H
Methodological contribution: The methodological validity of OPQ is tested by introducing new
methods of analysis (threat of mono-method bias). The study increases the Wexibility in data anal-
ysis by introducing (Hierarchical) Multiple Factor Analysis to analyze the sensory data. Further, a
comparison of PLS and PREFMAP results for External Preference Mapping is presented. The results
of the study Vx HMFA and PREFMAP as the methods of choice for analyzing sensory data within
OPQ.
Research problem for MOBILE3DTV: The study targets an evaluation of optimum transmis-
sion settings under the constraints of the selected coding methods for mobile 3D video. Several
options for error resilience and error protection are provided in DVB-H transmission that has been
optimized for MOBILE3DTV. DiUerent approaches to error protection and error resilience are eval-
uated at varying levels of channel loss rates.
4.4.1. Research method
4.4.1.1. Test participants
Seventy-seven participants (gender: 31 female, 46 male; age: 16-56, mean = 24 years) took part in
the psychoperceptual evaluation. All participants were recruited according to the user requirements
for mobile 3D television and system. They were screened for normal or corrected-to-normal visual
acuity (myopia and hyperopia, Snellen index: 20/30), color vision using the Ishihara test, and stereo
vision using the Randot Stereo Test (≥ 60arcsec). The sample consisted largely of naïve participants
who had not had any previous experience in quality assessments. Three participants had taken
part in quality evaluations previously, one of them regularly. No participants were professionals
in the Veld of multimedia technology. Simulator Sickness of participants was controlled during the
experiment using the Simulator Sickness Questionnaire. The results of the SSQ showed no severe
eUect of 3D on the condition of the test participants [222]. For the sensory analysis, a subgroup of 17
test participants was selected. During the analysis, one participant was removed from the sensory
panel.
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4.4.1.2. Test stimuli
In this study, we varied three diUerent coding methods using slice and noslice modes, two error
protections, and two diUerent channel loss rates with respect to the Mobile 3DTV system [176].
The Mobile 3DTV transmission system consists of taking stereo left and right views as input and
displaying the 3D view on a suitable screen after broadcasting and receiving with necessary pro-
cessing. The building blocks of the system can be broadly grouped into four blocks: encoding, link
layer encapsulation, physical transmission, and receiver. Targeting a large set of impacting parame-
ters on the Quality of Experience in mobile 3D video broadcasting, the diUerent test contents were
varied in coding method, protection scheme, error rate, and slice mode.
Coding methods The eUect of coding methods on the visual quality in a transmission scenario is
twofold. The Vrst is that diUerent artifacts result from encoding methods prior to transmission [223].
The second is that diUerent perceptual qualities of the reconstructed videos after the transmission
losses are caused by diUerent error resilience/error concealment characteristics of the methods. We
selected three diUerent coding methods representing diUerent approaches in compressing mobile
3D video in line with previous results [223, 224]: Simulcast Coding (Sim) according to H.264/AVC
[71], Multiview Video Coding (MVC) [72], and Video + Depth Coding (VD) using MPEG-C Part 3.
For all the coding methods, an IPPP prediction structure, a group of pictures (GOP) having 8 each,
and a target video rate of 420 kbps total for the left and right views were selected.
Slice mode For all the aforementioned encoding methods, it is possible to introduce error re-
silience by enabling slice encoding, which generates multiple independently decodable slices corre-
sponding to diUerent spatial areas of a video frame. The aim of testing the slice mode parameter is
to observe whether the visual quality is improved subjectively with the provided error resilience.
Error protection To combat higher error rates in mobile scenarios, the Multi-Protocol Encap-
sulation-Forward Error Correction (MPE-FEC) block in the DVB-H link layer provides additional
error protection above the physical layer [177, 178]. It is possible to protect the left and right
transmitted streams with the same protection rates (Equal Error Protection, EEP) as well as with
diUerent rates (Unequal Error Protection, UEP). The motivation for using unequal protection is
that the independent left view is more important than the right or depth view. The right view
requires the left view in the decoding process, and the depth view requires the left view to render
the right view. However, the left view can be decoded without the right or depth view. In equal error
protection (EEP), the left and right (depth) views are protected equally by assigning a 3/4 FEC rate
for each burst. Unequal error protection (UEP) is attained by transferring half of the RS columns
of the right (depth) view burst to the RS columns of the left view burst. In this way, EEP and UEP
streams achieve the same burst duration [176].
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Channel Loss Rate Two channel conditions were applied to allow for the characteristics of an
erroneous channel: low and high loss rates. As the error rate measure, MPE-Frame Error Rate
(MFER), which is deVned by the DVB Community, is used to represent the losses in DVB-H trans-
mission system. MFER is calculated as the ratio of the number of erroneous frames after decoding
over the total number of frames. MFER 10% and 20% values were chosen as representative of a low
rate and a higher rate with the goals of 1) having diUerent perceptual qualities and 2) maintaining
acceptable perceptual quality for watching the high error rate condition on a mobile device.
4.4.1.3. Contents
Four diUerent contents were used to create the stimuli for the test. The selection criteria for the
videos were spatial details, temporal resolution, amount of depth, and the user requirements for
mobile 3D television and video (Table 4.3).
Screenshot Genre and their audiovisual characteristics
Animation – Knight’s Quest 4D (60 s @ 12.5fps)
VSD: high, VTD: high, VD: med, VDD: high, VSC: high, A: music, eUects
Documentary – Heidelberg (60 s @ 12.5fps)
VSD: high, VTD: med, VD: high, VDD: low, VSC: low, A: orchestral music
Documentary – Rhine Valley (60 s @ 12.5fps)
VSD: med, VTD: low, VD: med, VDD: low, VSC: low, A: orchestral music
User-generated Content – Rollerblade (60 s @ 12.5fps)
VSD: high, VTD: high, VD: high, VDD: med, VSC: low, A: applause, rollerblade sound
Table 4.3. – Snapshots of the four contents being assessed (VSD=visual spatial details, VTD=temporal motion,
VD=amount of depth, VDD=depth dynamism, VSC=amount of scene cuts, and A: audio characteristics)
4.4.1.4. Production of Test Material and Transmission Simulations
The test sequences were prepared using the parameters shown in Table 4.4. First, each content was
encoded with the three coding methods applying slice mode on and oU. During the encoding, the
QP parameter in the JMVC software was varied to achieve the target video bit rate of 420 kbps.
The bit streams were encapsulated into transport streams using EEP and UEP, generating a total
of twelve transport streams. The encapsulation was accomplished using the FATCAPS software
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[179]. For each transport stream, the same burst duration was assigned for all left and right (depth)
views to achieve fair comparisons by allocating the same resources. Finally, low and high loss rate
channel conditions were simulated for each stream. The preparation procedure resulted in 24 test
sequences. The loss simulation was performed by discarding packets according to an error trace
at the TS packet level. Then, the lossy compressed bit streams were generated by decapsulating
the lossy TS streams using the decaps software [180]. Finally, the video streams were generated by
decoding the lossy bit streams with the JMVC software. For the error concealment, frame/slice copy
from the previous frame was employed. For a detailed description of the prepared loss simulations
see Strohmeier et al. [217].
Transmission parameter Value
Modulation 16 QAM
Convolutional Code Rate 2/3
Guard Interval 1/4
Channel Bandwidth 8 MHz
Channel Model TU6
Carrier Frequency 666 MHz
Doppler Shift 24 Hz
Table 4.4. – Parameters of the transmission used to generate transport streams for Study 3.
4.4.1.5. Stimulus presentation
The presentation setup was the same as described in Study 2 (see section 4.3).
4.4.2. Test procedure
The test procedure followed the same methodology as described in Study 2. During the study, visual
discomfort was evaluated using the Simulator Sickness Questionnaire (SSQ) [165]. The results of
the SSQ showed eUect in oculomotor and disorientation for the Vrst post-task measure. However,
the eUect quickly decreased within twelve minutes after the test to pretest level [222].
4.4.2.1. Methods of Analysis
Psychoperceptual Evaluation Non-parametric methods of analysis were used (Kolmogorov-
Smirnov: p < .05) for the acceptance and the preference data. Acceptance ratings were analyzed
using Cochran’s Q and McNemar’s Test. Cochran’s Q is applicable to study diUerences between
several related, categorical samples, and McNemar’s test is applied to measure diUerences between
two related, categorical data sets [4]. Comparably, to analyze overall quality ratings, a combination
of Friedman’s test and Wilcoxon’s test was applied to study diUerences between the related, ordinal
samples. The unrelated categorical samples were analyzed with the corresponding combination of
Kruskal-Wallis H and Mann-Whitney U tests [4].
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Sensory ProVling The sensory data were analyzed using R and its FactoMineR package [181,
182]. Multiple Factor Analysis (MFA) was applied to study the underlying perceptual model. Multi-
ple Factor Analysis is applicable when a set of test stimuli is described by several sets of variables.
The variables of one set therefore must be of the same kind [99, 138]. Hierarchical Multiple Factor
Analysis (HMFA) was applied to study the impact of content on the perceptual space [109]. The
structure of this data set is visualized in Figure 4.10.
Figure 4.10. – The principle of the hierarchical structure in the test set of Study 3.
External Preference Mapping Partial Least Square Regression was conducted using MATLAB
and the PLS script provided by Abdi [146] to link sensory and preference data. To compare the
results of the PLS regression in terms of validity and reliability, an additional PREFMAP was con-
ducted using XLSTAT 2010.2.03.
4.4.3. Results
4.4.3.1. Psychoperceptual Evaluation
Acceptance of Overall Quality In general, all MFER10 videos had higher acceptance ratings
than the MFER20 videos (p < .001) (Figure 4.11). Also the error protection strategy showed signiV-
cant eUect (Cochran Test: Q = 249.978, df = 7, p < .001). The acceptance rate diUered signiVcantly
between equal and unequal error protection for both MVC and VD codec (both: p < .001). In addi-
tion, the error protection strategy had no eUect on the MFER20 videos (both: p > .05). Comparing
the diUerent slice modes, a signiVcant eUect can be found only between videos with VD coding and
error rate 10% (MFER10) (McNemar’s Test: p < .01, all other comparisons p > .05). Videos with slice
mode turned oU were preferred in general, except for Video + Depth videos with high error rates,
which had higher acceptance in slice mode. Concerning the applied coding method, the results of
the acceptance analysis revealed that for MFER10 MVC and VD had higher acceptance ratings than
Simulcast (p < .001). The MVC coding method had signiVcantly higher acceptance ratings than the
other two coding methods for MFER20 (p < .01).
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Figure 4.11. – Acceptance ratings in total and content by content for all variables.
To identify the acceptance threshold, we applied the approach proposed by Jumisko-Pyykkö et
al. [39] (Figure 4.12). Due to related measures on two scales, the results from one measure can
be used to interpret the results of the other measure. The Acceptance Threshold method connects
binary acceptance ratings to the overall satisfaction scores. The distributions of acceptable and
unacceptable ratings on the satisfaction scale diUer signiVcantly (χ2(10) = 2117.770, df = 10, p < .001).
The scores for nonaccepted overall quality fell between 1.6 and 4.8 (Mean: 3.2, SD: 1.6). Accepted
quality was expressed with ratings between 4.3 and 7.7 (Mean: 6.0, SD: 1.7). So, the Acceptance
Threshold was determined to be between 4.3 and 4.8.
Satisfaction with Overall Quality The test variables had signiVcant eUect on the overall quality
when averaged over the content (Fr = 514.917, df = 13, p < .001). The results of the satisfaction ratings
are shown in Figure 4.13 averaged over contents (all) and content by content. Coding methods
showed signiVcant eUect on the dependent variable (Kruskal-Wallis: mfer10: H = 266.688, df =
2, p < .001; mfer20: H = 25.874, df = 2, p < .001). MVC and VD outperformed Simulcast coding
method for MFER10 and MFER20 videos (all comparisons vs. Sim: p < .001) (Figure 4.13). For
MFER10, Video + Depth outperformed the other coding methods (Mann-Whitney: VD vs. MVC: Z
= -11.001.0, p < .001). In contrast, MVC received signiVcantly higher satisfaction scores for MFER20
(Mann-Whitney: MVC vs. VD: Z = -2.214.5, p < .05).
The error protection strategy had an eUect on overall quality ratings (Friedman: Fr = 371.127, df
= 7, p < .001). MFER10 videos with equal error protection were rated better for MVC coding method
(Wilcoxon: Z = -6.199, p < .001). On the contrary, MFER10 videos using VD coding method were
68
4.4. Study 3: Experienced Quality of 3D video transmission over DVB-H
Quality Acceptance
noyes
M
ea
n 
Sa
ti
sf
ac
ti
on
 S
co
re
10
8
6
4
2
0
7.7
6.0
4.3
4.8
3.2
1.6
Figure 4.12. – IdentiVcation of the Acceptance Threshold. Bars show means and standard deviation.
rated better with unequal error protection (Z = -7.193, p < .001). Error protection strategy had no
signiVcant eUect for MFER20 videos (Figure 4.13) (Z = -1.601, p = .109, ns). MFER10 videos with
slice mode turned oU were rated better for both MVC and VD coding method (all comparisons p <
.05). Mfer20 videos were rated better when slice mode was turned on, with signiVcant eUect for VD
coded videos (Z = -2.142, p < .05) and no signiVcant eUect for videos coded with MVC method (Z =
-.776, p > .05, ns). In contrast to the general Vndings, the results for content Roller show that videos
with slice mode turned on were rated better for all coding methods and error rates than were videos
without slice mode (Figure 4.13).
4.4.3.2. Sensory Evaluation
One hundred sixteen individual attributes were developed during the sensory proVling session. The
average number of attributes per participant was 7.25 (min: 4, max: 10). The results of the Multiple
Factor Analysis are shown as representations of test items (item plot, Figure 4.14) and attributes
(correlation plot, Figure 4.15). The item plot shows the Vrst two dimensions of the MFA. All items of
the content Roller are separated from the rest along both dimensions. The other items are separated
along dimension 1 in accordance to their error rates. Along dimension 2, the Knight items separate
from the rest of the items on the positive polarity.
A better understanding of the underlying quality rationale can be found in the correlation plot.
The interpretation of the attributes can help to explain the resulting dimensions of the MFA. The
negative polarity of dimension 1 is described with attributes like ’grainy’, ’blocks’, or ’pixel errors’,
clearly referring to perceivable block errors in the content. Also, attributes like ’video stumbles’
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Figure 4.14. – Item plot of the Multiple Factor Analysis
can be found describing the judder eUects of lost video frames during transmission. In contrast, the
positive polarity of dimension 1 is described with the terms ’Wuent’ and ’perceptibility of objects’,
indicating an error-free case in the videos. ConVrming the Vndings of our previous studies, this
dimension is also described with 3D-related attributes like ’3D ratio’ or ’immersive’. Dimension 2 is
described with attributes like ’motivates longer to watch’, ’quality of sound’, and ’creativity’ on the
positive polarity. It also shows partial correlation with ’images distorted at edges’ or ’unpleasant
spacious sound’ on the negative side. The identiVed separation of contents Knight and Roller along
dimension 2 in the item plot indicates that dimension 2 must be regarded as a very content-speciVc
dimension. It describes very well the speciVc attributes that people liked or disliked about the
contents, especially the negative descriptions of Roller.
This eUect is further supported by the individual factor map (Figure 4.16). The MFA routine in
FactoMineR allows deVning additional illustrative variables. We deVned the diUerent test parame-
ters as illustrative variables. The lower the value of an additional variable, the lower is its impact
on the MFA model. The results conVrm the Vndings of the quantitative analysis. Contents Knight
(c2) and Roller (c4) were identiVed as the most impacting variables. An impact on the MFA model
can also be seen for the diUerent MFER rates (m1, m2) and for the coding methods (cod1, cod2). The
two slices modes (on, oU) show only low values, conVrming their low impact on perceived quality.
71
4.4. Study 3: Experienced Quality of 3D video transmission over DVB-H
-1.0 -0.5 0.0 0.5 1.0
-1
.0
-0
.5
0.
0
0.
5
1.
0
Dimension 1 (21.08%)
D
im
en
si
on
 2
 (8
.9
%
)
Unpleasent spacious sound
Exhausting to watch
Video stumbles
Lively animation
Creativity
Motivates to watch longer
Different perspectives
Pixel errors
Quality of sound
Grainy
Grainy
Fuzzy
Unsharp
Exhausting
Distorted
Immersive
Fluent
Color
Pleasent to watch
Recognition of objects
Error correction
3D ratio
Contrast
Soft scene cuts
Blocks
Image offset
3D Effect
Sounds
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As an extension of MFA, the Hierarchical Multiple Factor Analysis can be used to further study
the signiVcant impact of the content on the perceived quality. For the HMFA, we assumed that each
test item was a combination of a set of parameters applied to a speciVc content. The results are
superimposed on the diUerent contents (Figure 4.17).
Each parameter combination is shown at the center of gravity of the partial points of the con-
tents. Figure 4.17 conVrms that the test participants were able to distinguish between the diUerent
parameters. The parameter combinations are separated in accordance to the MFER rate and the
coding method. Only slice mode shows little impact. However, it is noticeable that the diUerent
contents aUect the evaluation of the test parameters. The lines around the center of gravity show
the impact of the contents. While, for the high error rate, the impact of the contents is rather low, as
shown by the location of partial points close to the center of gravity, the low error rate does show
some impact.
4.4.3.3. External Preference Mapping
The next step of the OPQ approach is to connect users’ quality preferences and the sensory data.
In the current Extended OPQ approach, a Partial Least Square Regression was applied. To show the
diUerences of the PLS regression and the commonly applied PREFMAP approach, a comparison of
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Figure 4.16. – Individual factor map of the MFA. The test parameters were used as supplementary variables
in the MFA, and their impact on the MFA results is illustrated by the points of content (c1-c4), coding
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both results is presented. For both cases, a clear preference structure can be found in the data set
(see Figure 4.18 and Figure 4.19).
The result of PREFMAP is shown in Figure 4.18, which shows that, for all test participants, a
clear quality preference exists (red dots in Figure 4.18). Taking into account the MFA correlation
plot (Figure 4.15), it can be seen that the preferences are described with terms like ’immersive’
(P12.5), ’contrast’ (P5.10) or ’soft scene cuts’ (P83.4). However, Figure 4.18 also shows that the
underlying model of PREFMAP is similar to the MFA because only preferences are regressed onto
it. Dependencies from preferences cannot be taken into account.
The PLS result is given as a correlation plot in Figure 4.19. It also shows a clear preference of
all test participants. When interpreting the main components of the PLS, two diUerent groups of
attributes can be found. The Vrst group relates to artifact-free and 3D perception for good quality
(e.g., P5.6 ’perceptibility of objects’, P12.5 ’immersive’). The other group is described with attributes
relating to visible blocks and blurriness (P96.7 ’unsharp’, P28.4 ’pixel errors’). Hence, the Vrst com-
ponent of the PLS model is related to the video quality descriptions with respect to spatial quality.
Although this Vnding supports the Vndings of the MFA, a second group of attributes inWuencing
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Figure 4.17. – Superimposed representation of the test parameter combinations and the partial clouds of
contents.
the PLS model can be found. These attributes describe the video quality related to temporal quality.
For good quality, attributes like P30.4 ’Wuent movement’ can be found; for bad quality, attributes
like P20.3 ’time jumps’ or P84.5 ’stumble’, which correlates only with dimension 2 of the PLS model,
can be found. Interestingly, the EPM results are not fully comparable to each other in terms of pref-
erences. This second component cannot be identiVed in the MFA results. An explanation for the
diUerences between the two approaches can be found in the way the respective latent structures (or
models) are developed. A possible interpretation of the result is that, in the quantitative evaluation,
test participants evaluated the overall quality more globally. Thus, Wuency of the content is the
strongest global quality factor. When performing a sensory evaluation, test participants seemed to
concentrate on a more detailed evaluation of the content, and spatial errors had greater impact.
4.4.4. Discussion and Conclusion
The aim of this study was to investigate the quality factors in transmission scenarios for mobile 3D
television and video. The study highlights the importance of the Open ProVling approach because
it allows for studying and understanding quality from diUerent points of view. The results comple-
ment each other, and every part of the Extended OPQ approach supports the Vndings of the previous
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Figure 4.18. – PREFMAP result of the transmission study. The red dots show the quantitative preferences of
each assessor regressed onto the MFA result
steps and deepens the understanding of Quality of Experience in mobile 3D video transmission. The
author investigated the impact of diUerent transmission settings on the perceived quality for mobile
devices. Two diUerent error protection strategies (equal and unequal error protection), two slices
modes (oU and on), three diUerent coding methods (MVC, Simulcast and Video + Depth), and two
diUerent error rates (MFER10 and MFER20) were used as independent variables.
The results of the psychoperceptual evaluation in accordance with ITU recommendations show
that the provided quality level of MFER10 videos was good, being at least clearly above 62% of ac-
ceptance threshold for all contents while MFER20 videos were not acceptable at all, with only the
content Heidelberg having acceptance slightly above 50%. This result indicates that an error rate of
20% is insuXcient for consumer products, whereas an error rate of 10% would still be suXcient for
prospective systems. The analysis of variance of the satisfaction scores revealed that all indepen-
dent variables had a signiVcant eUect on test participants’ perceived quality. The most signiVcant
impact was found for the coding methods. MVC and Video + Depth outperform Simulcast as coding
methods, a result is in line with previous studies of the production chain of mobile 3D television and
video [223]. Interestingly, the quantitative results also show that MVC is rated better than Video +
Depth in terms of overall acceptance and satisfaction at high error rates. The Vndings of the psycho-
perceptual evaluation were conVrmed and extended in the sensory evaluation. The Multiple Factor
Analysis of the sensory data with the independent variables as supplementary data showed that,
in the sensory data, all test variables had an impact. This result conVrms that the test participants
were able to distinguish between the diUerent variables during the evaluation.
In addition, the idiosyncratic attributes describe the underlying quality rationale. Good quality
is described in terms of sharpness and Wuent playback of the videos. Furthermore, 3D-related at-
tributes were correlated with good quality, conVrming Vndings of other related studies [214, 223,
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224]. Interestingly, bad quality was correlated with attributes that describe blocking errors in the
content. These errors can be a result of both the coding method and the applied error protection
strategies. The expected descriptions of judder as contrast to Wuency of the test items appear rarely.
In addition, MFA indicates a strong dependency of quality satisfaction on the contents used in the
stimuli.
This Vnding was conVrmed by the applied Hierarchical Multiple Factor Analysis in which a de-
pendency of the transmission parameters from the contents was studied. These results conVrm the
psychoperceptual evaluation and sensory Vndings that content plays a crucial role in determining
experienced quality of mobile 3D video. The HMFA results deepen the Vndings to suggest that
content seems to become more important when the perceivable errors become are reduced. This
Vnding is supported by the Partial Least Square Regression that linked sensory data and the pref-
erence ratings. Preferences all correlate with attributes that represent good quality in the MFA.
Interestingly, the importance of judder-free stimuli is increasing in the PLS model. Because PLS
takes into account both sensory and preference data to derive the latent structures, the results
suggest that Wuency was more important in the psychoperceptual evaluation than in the sensory
evaluation. We see this result as an indicator that the quality evaluation of test participants diUered
slightly in the psychoperceptual and sensory analyses. While in the retrospective psychoperceptual
evaluation a global attribute like Wuency of the videos seemed to be crucial, test participants made
a more detailed evaluation of quality in the sensory test and found more quality factors related to
spatial details.
76
4.5. Study 4: External Validation of OPQ by probing the method in the context of use
4.5. Study 4: External Validation of OPQ by probing the method in the context of
use
Methodological contribution: Comparable to other descriptive approaches, great eUort was
expended in developing Open ProVling of Quality as an evaluation method under controlled labo-
ratory conditions; however, its applicability and validity outside the laboratory are unknown. This
study strengthens the external validity of the method by probing OPQ in the context of use and
comparing these results to an evaluation in the laboratory. In addition, the study fuses psychoper-
ceptual evaluation and sensory proVling in a single session in which the two tasks are conducted
subsequently. Doing so signiVcantly decreases the duration of an OPQ study and minimizes the risk
of participants’ dropping out in a multisession design.
Research problem for MOBILE3DTV: Artifact-free videos and depth perception were identi-
Ved as the most important positive features contributing to test participants’ Quality of Perception
in OPQ studies conducted in laboratory environments. However, MOBILE3DTV has been identiVed
for potential use in quite heterogeneous contexts. Therefore, a goal of this study was to determine
whether the identiVed components of QoE are still valid for use in the system outside the controlled
evaluation environment.
4.5.1. Research method
4.5.1.1. Test participants
Thirty-six untrained participants (age: 19-52 years) took part in the study, 16 female and 20 male.
All test participants were tested for visual acuity (myopia and hyperopia: Snellen index: 20/40),
color vision (the Ishihara test), and stereo vision (the Randot Stereotest 0.6). Five of the participants
had been working in the Veld of video editing or video application. One of the participants had
prior experience in subjective quality evaluation, but none of them with 3D video. All other test
participants could be classiVed as naïve participants. The assessors were divided into two groups: a
control group with 16 participants, who were tested under laboratory conditions, and a group of 21
participants, who were tested in a user context situation. Fifteen participants of each group were
selected randomly for sensory evaluation.
4.5.1.2. Test stimuli
Six diUerent audiovisual clips with a length of 20 seconds were selected for the test according to their
audiovisual characteristics and the user requirements for mobile 3D television and video [216] (Table
4.5). They represented diUerent genres such as documentary, sports, music video, and animation.
Stimulus material was encoded using three diUerent video qualities. The clips were edited using
Premiere Pro CS4 and exported with a resolution of 640px x 480px for each channel. Audio was
sampled using a 44.1 kHz rate at 16 bits. Quantization parameters (QP) instead of diUerent bit rates
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were applied to generate diUerent quality levels [223]: high at QP 30, medium at QP 40, and low
at QP 45. The clips were encoded using open source encoders x.264 for video and Nero AAC for
audio. Sample rates and resolution remained as in the editing part. Finally, Stereo Movie Maker was
used to encode the prepared clips in the 3D-Avi format necessary for the presentation of the stimuli
material.
Screenshot Genre and their audiovisual characteristics
Animation – Dracula
VSD: med, VTD: high, VD: high, VDD: high, VSC: high, A: music, eUects
Documentary – Macroshow
VSD: high, VTD: med, VD: high, VDD: low, VSC: med, A: orchestral music, ambience
Sports – Skydiving
VSD: low, VTD: med, VD: med, VDD: low, VSC: low, A: music
User-created Content – Street Dance
VSD: med, VTD: high, VD: high, VDD: med, VSC: low, A: music, ambience
Documentary – The Eye
VSD: med, VTD: med, VD: med, VDD: med VSC: med, A: music
Sports – 24h
VSD: med, VTD: high, VD: med, VDD: high, VSC: high, A: ambient music
Table 4.5. – Snapshots of the six contents under assessment (VSD=visual spatial details, VTD=temporal mo-
tion, VD=amount of depth, VDD=depth dynamism, VSC=amount of scene cuts, A= audio characteristics)
4.5.1.3. Stimulus presentation
The tests were conducted in two diUerent contexts (Table 4.6). The Vrst context was a controlled
laboratory environment in the listening laboratory at Ilmenau University of Technology, a setting
in accordance with the ITU recommendations [5, 39]. For the second context, we chose a coUee bar
as the most mentioned usage situation for mobile 3DTV [216]. In the café, the same time slot during
the day and same place for each participant were used to obtain similar conditions for the study as
deVned for quasi-experimental settings [61].
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Components/properties Lab Café
Physical context
Functional place Laboratory conditions student café at TU Ilmenau
Sensed attributes (Audio, Visual) A: calm, V: calm, indoors A: noisy, V: noisy, indoors
Movements (Movement, Position) M: none, P: straight M: none, P: lean
Artifacts (other than answer sheet) none tea cup
Temporal context
Duration 1.5 - 2 hours 1.5 - 2 hours
Time of day Variant Between 11.45 am and 3 pm
Actions-time Extra time Extra time
Task context
Multitask 1 Quality evaluation Quality evaluation
Multitask 2 none Relax, drink tea/coUee
Interruptions none possible
Task type Entertain Entertain
Social context
Persons present Moderator Moderator, other guests
Interpersonal actions none possible
Technical and informational context
Other systems none none
Properties
Level of dynamism Static dynamic
Other related factors
Motivations * Entertain, pass time, relax
Viewing distance Freedom to adjust Freedom to adjust
Device volume Freedom to adjust Freedom to adjust
Table 4.6. – Characteristics of the contexts, described based on the Model of Context of Use for Mobile-
Human-Computer-Interaction [61], operationalized in [9, 58]
The audiovisual clips were presented on an 8” FinePix Real 3D V1 Display based on parallax
barrier technology. The FinePix Real 3D V1 Display provides a maximum resolution of 400 x 600 in
3D mode for each channel. Test participants were allowed to adjust their viewing distance so that
they could perceive the video as three dimensional. The two stereo speakers integrated into the
display were used for audio playback due to the possible inability to connect headphones. Audio
playback occurred at a sampling rate of 11 kHz because it is the maximum audio sampling rate
available for the device. The order of the clips was randomized to avoid bias eUects.
4.5.1.4. Test procedure
Overall, the test procedure of the study followed the Open ProVling of Quality approach [214, 217].
The test procedure was divided into two parts conducted in one single session. The Vrst part started
with the visual screening and the explanation of the test procedure. In the following training and
anchoring, we presented a subset of test items that covered the full range of quality. Test participants
were asked to Vnd their best viewing position and to practice the evaluation task. Then, an Absolute
Category Rating (ACR) according to ITU-R P.910 [5] was conducted to evaluate the overall quality
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quantitatively. The stimuli were presented one by one, and the participants rated the acceptance
of the quality on a binary scale and the overall satisfaction on an unlabelled 11-point scale, both
retrospectively [57]. Each stimulus was assessed twice.
After a short break of about 10 minutes, the participants Vlled out a demographic data ques-
tionnaire. In the second part, participants were introduced to the sensory evaluation task. Then,
during attribute elicitation, the participants watched a second subset of test items to develop their
individual quality attributes according to their individual quality perceptions. Attribute reVnement
took place while the participants evaluated three clips according to their attributes. They were also
asked to deVne their quality attributes and, if necessary, to reconsider whether they perceived some
of the attributes as not being unique or whether they could deVne them precisely. At the end of
the reVnement, each of the Vnal attributes was attached to a 10 cm long line with the labels ’min’
and ’max’ at its ends. In the Vnal sensory evaluation, the stimuli were again presented one after
the other, and the participants rated overall quality on all of their attributes for each test item. The
participants were instructed to mark the sensation quality of an attribute on the line, using ’min’
for no sensation of an attribute at all and ’max’ for the maximum sensation of an attribute.
4.5.1.5. Methods of Analysis
The quantitative data were analyzed using non-parametric statistical analysis because no normal
distribution was given for the test items (Kolmogorov-Smirnov: p < .05). The Friedman test was
applied to determine whether the independent variables had an impact on the dependent one. Sig-
niVcant diUerences between two related items could then be measured using Wilcoxon’s test. To
compare the binary, non-related acceptance data between the contexts, Pearson’s Chi-Square test
was applied. For the pairwise comparison of satisfaction data between contexts, we applied the
Mann-Whitney-U test. All quantitative data analysis was performed using PASW Statistics 18. The
sensory data were analyzed by applying Multiple Factor Analysis (MFA). R and its FactoMineR pack-
age were used for sensory analysis. For each data set, a PREFMAP was conducted to obtain External
Preference Mapping. Finally, Hierarchical Multiple Factor Analysis (HMFA) was applied to compare
the two sensory data sets from the laboratory and external context, looking for similar information
as a Vnal step of checking validity.
4.5.2. Results
4.5.2.1. Psychoperceptual Evaluation
Acceptance of Overall Quality On average, all presented stimuli at qp30 provided a highly
acceptable quality level of 93%, qp40 stimuli reached an average level just above 50%, and qp45
received an acceptance rate of 12% (Figure 4.20). Comparison of the results from the two contexts
did not reveal a signiVcant diUerence, with the exception of the contents of Streetdance and The
Eye at medium quality level (Pearson’s χ2: p < .05).
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Figure 4.20. – Overall acceptance scores for the items tested
Satisfaction with overall quality Parameter combinations inWuenced overall quality satisfac-
tion when averaged over the content for each of the contexts (laboratory: Fr = 627.705, df = 2, p <
.001; café: Fr = 419.846, df = 2, p < .001). In a comparison of satisfaction scores between contexts,
no signiVcant diUerence was found except for content The Eye. For The Eye, the quality at QP45
was slightly better rated in the café than in the laboratory (Mann-Whitney-U: U = -2.305, p < .05).
Figure 4.21 shows the overall quality scores averaged over contents and content by content for the
diUerent QPs and contexts. QP30 provided signiVcantly higher quality satisfaction, with the rating
for QP45 being worst (all comparisons: p < .001). The results of content-by-content analysis follow
the overall tendency for diUerent QPs (all comparisons: p < .001).
The analysis of diUerences among contents per QP revealed interesting Vndings in diUerences of
satisfaction scores (Friedman: all comparisons: p < .001). Although in both contexts 24h was among
the highest rated contents at QP30, it was among the worst rated contents for QP45. Comparable
results can be found for Makro. In contrast, Streetdance was the signiVcantly best rated content at
QP45 (Skydive vs. Streetdance: laboratory: Z = -5.103, p < .001; café: Z = -4.118, p < .001), although
it was rated average for QP30.
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Figure 4.21. – Mean satisfaction scores for the items tested in Study 4. Error bars show 95% CI of mean.
4.5.2.2. Sensory Evaluation and External Preference Mapping
Fifteen participants per context developed 91 individual quality attributes for the laboratory and 78
attributes in the café. The average number of attributes per participant was 6 (min: 4, max: 7) and
5 (min: 4, max: 8) for laboratory and café, respectively.
Laboratory The results for the sensory data from the laboratory are shown by item and correla-
tion plot in Figure 4.22 and Figure 4.23. The item plot (Figure 4.22) shows the loadings of the test
items on the Vrst and second components of the MFA. The Vrst two components of the MFA explain
56.42% of the variance in the individual data (also called explained variance) with 44.25% and 12.17%,
respectively. For the Vrst component, the items separate along the diUerent QPs. Items close to the
origin have less impact on the component than those with high (positive or negative) loadings. For
the second component, a clear separation of all items of content Dracula can be found. These items
show high impact for the second component of the model.
Further insight can be obtained from the correlation plot (Figure 4.23), which shows the correla-
tion of each individual attribute with the Vrst and second component of the MFA model. The Vrst
component is mainly described with attributes like ’blocky’ or ’artifacts’ on its negative polarity
while the positive polarity correlates strongly with attributes like ’clear, ’sharpness of edges’, or ’3D
eUect’. These items describe the diUerences in the perception of video quality and are in accordance
with the separation of QPs along the Vrst dimension. The second dimension is correlated with such
attributes as ’double images’ on the one polarity, with few attributes like ’color-fast’ and ’perceiv-
able as one image’ on the other. Considering that, along this component, content Dracula separated
from the other content, a problem with obtaining a proper 3D perception is evident. The double
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Figure 4.22. – Item plot and partial loadings for the laboratory. The partial loadings show individual partic-
ipant’s impact. The gray arrows mark the quantitative preferences of test participants from PREFMAP.
images may have been caused by high disparity in this content. A few attributes correlate with both
dimensions, such as ’3D eUect’, ’depth’, and ’amount of 3D’. However, the partial plot (Figure 4.22)
shows that this problem occurred for only some participants. While some participants indicated
very high loadings for their individual conVgurations on dimension 2, others had none.
As the Vnal step in the full Open ProVling of Quality, an External Preference Mapping was con-
ducted. The results of the PREFMAP are included as gray errors in Figure 4.22. The PREFMAP
reveals a clear preference structure towards the high quality levels, a result in line with the psy-
choperceptual Vndings. The variation of preferences along dimension 2 can be explained by the
diUerent perceptions of the Dracula content. Either lower preferences were indicated due to per-
ception of crosstalk, or high preferences were indicated due to a good 3D perception of this content.
Café The sensory results for the café are comparable to those obtained in the laboratory (Figure
4.24 and Figure 4.25). The Vrst two components of the MFA model account for 47.76% of explained
variance (component 1: 33.48%, component 2: 14.28%). As for the laboratory results, the items
separate along the Vrst dimension according to their QPs (Figure 4.24). The separation of content
Dracula along the second component can be seen as well.
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Figure 4.23. – Correlation plot of the laboratory evaluation.
The correlation plot (Figure 4.25) shows high correlation of attributes like ’blocky’ or ’blurry’ and,
in contrast, of attributes like ’spacious’, ’rich in details’, and ’clear’ with the Vrst components. The
second component is correlated with attributes like ’double eUect’, ’dark’, and ’annoying’ on its one
polarity. The other polarity correlates with ’bright’ and ’realistic’. Again, the partial plots show the
diUerences of individual contributions to the second dimension. The External Preference Mapping
for the contextual data is included in Figure 4.24.
Comparison of results The Vnal step of the analysis is the comparison of the two MFA models
obtained from laboratory and café. A simple solution for comparison is the description of diUer-
ences and similarities between the results of the individual models. Overall, the separate analysis
has shown that the Vrst two dimensions of each model describe similar things. While the Vrst com-
ponent relates to video quality, the second component refers to quality factors in relation to display
and disparity problems. In addition, the attributes, also developed by diUerent participants, are very
similar in describing the two components. However, a diUerence can be found in the number of at-
tributes. In general, attributes that have a correlation higher than 0.5, that is, contributing to at least
50% of the explained variance, are regarded as more important than the rest. For the laboratory,
61.5% of all attributes contribute to this criterion while, for the café, only 44.6% of the attributes
contribute to 50% of the explained variance.
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Figure 4.24. – Item plot and partial loadings for the café. The partial loadings show individual participant’s
impact. The gray arrows mark the quantitative preferences of test participants from PREFMAP.
A majority of the attributes for the laboratory MFA model show high correlation with the Vrst
dimension while only few correlate with the second. For the café MFA results, it is noticeable that
the number of attributes along the Vrst component is lower. In addition, there are more inter-
dimensional attributes; that is, the dimensions are not as well separated as in the laboratory model.
Although the diUerences have already been noted, we want to determine whether the models are
diUerent. The HMFA results conVrm the previous Vndings and allow modeling the comparison in
a joint analysis of both data sets. In the HMFA results, each test item is plotted at the center of
gravity between both data sets. In addition, the partial clouds for each data set are plotted to see the
separate impact of laboratory and café data. The HMFAmodel levels the separate models in terms of
explained variance (51.12%; 37.93% for component 1 and 13.19% for component 2) and loadings of the
items (Figure 4.26). In this joint model, again the diUerent QPs separate along the Vrst component.
The analysis shows that the deviation between the data sets along the Vrst component of the HMFA
model is low. Along the second dimension, we can identify diUerences in the impact of the partial
clouds. The deviation between the data sets along this component is much higher, especially for
content Dracula. Along the second dimension, the café data show higher loadings than does the
laboratory data set.
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Figure 4.25. – Correlation plot of the evaluation in the context of use.
4.5.3. Discussion and Conclusion
The goal of this study was to validate the quality models that can be obtained using the Open
ProVling of Quality approach in a comparison between data from a laboratory environment and
a context-of-use environment. Within the User-Centered Quality of Experience approach, the de-
scriptive evaluation of quality and its evaluation in the context of use were the two key approaches
combined in this study.
The OPQ approach allows for a combined evaluation of quality using quantitative evaluation
and qualitative descriptive sensorial proVling methods. The quantitative results show high impact
of the diUerent quality levels on users’ quality perception in both contexts. In addition, a content
dependency of the results was identiVed. However, a diUerence between the two contexts could not
be identiVed. The two descriptive models obtained from the evaluations in the laboratory and in a
café conVrm both previous Vndings about experienced quality of mobile 3D television [58][214, 217].
They give deeper knowledge to explain the quantitative results. From the models, the author was
able to identify two main components that describe users’ perceived quality. The most important
component is video quality. As in previous studies, good video quality includes descriptions of 3D
perception, explaining the content dependency among diUerent QPs. Contents Makro and 24h are
rich in detail and oUer better 3D perception than other contents. When video quality decreases, the
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Figure 4.26. – Result of the Hierarchical Multiple Factor Analysis. The partial clouds show the impact of the
laboratory data set (black) and the data set from the café (red) on the joint model
added value is no longer evaluated, and the satisfaction of quality with these two contents decreases
with the loss of details.
Beside the video quality, the impact of perceivable double images was found. These descriptions
largely correlated with content Dracula and arose from a high amount of disparity and resulting
crosstalk between the left and right channels. For this dimension, two important Vndings were
made. First, the analysis shows that crosstalk was perceived only by several test participants al-
though participants were screened for the same visual abilities at the beginning of the test. This
Vnding deepens the need for tools for better screening and description of the test sample [220]. In
addition, test participants showed higher sensitivity to this component in the context of use. This
Vnding is conVrmed by previous studies in which the ease of use and the viewing comfort for mobile
3D television were identiVed as important components of quality in the context of use [9, 58].
Limitations to this study exist in the missing detailed recording of the characteristics of the con-
text of use during the study. Although we tracked special events during the study by writing them
down, a detailed recording over time, for example, a video recording, is missing. This gap does not
allow for deeper analysis of shared attention and makes it impossible to report this concept more
accurately as reported in other studies on the context of use [9]. However, the results of the study
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give valuable knowledge for understanding more deeply the interaction of quality perception with
the interaction of perception and shared attention in the context of use.
In summary, the results show that descriptive quality models obtained by applying the OPQ
method are, overall, very similar between the two contextual settings. From both models, two main
components, video quality and crosstalk, were identiVed, and the loadings of attributes and the cor-
relation of individual attributes were equal to each other. This Vnding contributes to the overall
validity of OPQ results as attested in several other studies [214, 217]. However, diUerences were
still identiVed between the evaluation in the laboratory and in the context-of-use environment, un-
derscoring the importance of contextual evaluations in User-Centered Quality of Experience evalu-
ations.
4.6. Discussion
4.6.1. Convergence and complementation
The four studies highlight the complementation and convergences of the results acquired with dif-
ferent methods and underline the positive features of the Open ProVling of Quality approach. The
results, summarized in Table 4.7, complemented each other in all studies. In addition, each study al-
lowed for the explanation of the quantitative quality preferences according to sensory descriptions.
For example, when quantitative excellence between stimuli was not identiVed, the qualitative re-
sults showed the detectable diUerences between the used variables, inferiority nulliVed the positive
inWuence of quality (audiovisual depth), and the participants’ sensorial preferences contributed to
Vnal multimodal quality evaluations.
Furthermore, the results suggest an explanation for the excellence of mobile 3D video parameters
through understanding the relationship between quality and depth perception. The descriptions
of depth and being error free were attached to good quality when visual presentation mode and
coding factors were varied. Without qualitative data, the reasons behind the quantitative data had
been based on assumptions [152], even though sensory evaluation as a single method cannot be
used to explain users’ preferences. The results concerning the dependency of video quality and
added value from perception of depth conVrm previous Vndings and extend the existing 3D Quality
of Experience models with the hierarchical dependency structure. Added value is only experienced
when the number of perceivable visual artifacts is low [152]. In addition, the application of OPQ
also allowed for better understanding of the impact of user characteristics on 3D quality perception.
The studies showed that consumers have diUerent preferences of modalities for deriving audiovisual
quality factors. In addition, the impact of quality factors, like large disparity, is diUerent. While for
some test participants large disparity results in the perception of crosstalk, for others it increases
the 3D experience and leads to high acceptance and quality satisfaction ratings.
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4.6.2. Aspects of reliability and validity
The application of Open ProVling of Quality in four studies on MOBILE3DTV underscores diUerent
aspects of the reliability and validity of the method. Although the results of the studies are a valu-
able contribution to quality research on mobile 3D video, the main purpose in applying OPQ was
validation of the research method.
Validity The internal validity of OPQ was shown in all studies. The results (or cause-eUect rela-
tionships) of all studies can be related to the independent variables that were varied in each study.
Naïve test participants were able to identify the independent variables, indicating that OPQ is ap-
plicable for use with naïve test participants. Threats to internal validity were thoroughly addressed.
To prevent sampling bias, test participants in all studies were recruited in accordance with the user
requirements for mobile 3D television and video [216]. All test participants were screened for vi-
sual acuity, color vision, and ability to see 3D. Equal distribution of test participants by age and
gender were observed. Furthermore, instrumentation eUects were handled through standardized
test conditions [5, 39], thorough reporting of test stimulus production, and extensive training of
research personnel to assure similar calibration of instrumentation over time. During analysis, the
requirements for statistical methods, for example, normal distribution, were checked to overcome
the threat of incorrect applied statistics. In addition, diUerent methods of analysis for the results of
sensory evaluations were used, leading to comparable results and conclusions of causal impact of
the independent variables on users’ ratings [6].
External validity assures that Open ProVling of Quality results can be generalized beyond the
experimental context across samples, settings, and time [4, 6]. Within the studies, external validity
is highlighted by converging results among complementary research questions, evaluations in dif-
ferent contexts of use, diUerent test devices, and a selection of test participants, variables, and test
contents according to previously established user requirements [216]. Although diUerences in the
results occur among the variations, the main OPQ models show good agreement between the condi-
tions and lead to the same cause-eUect relationships of independent variables and assessors’ quality
perceptions. Eventually, construct validity of OPQ can be assessed in accordance with the three-
step approach of Carmines and Zeller [183]. The measurements of naturalness and the resulting
models of 3D Quality of Experience of Seuntïens [152] are well-established measures for evaluating
3D quality. If construct validity of OPQ exists, then good correlation or, at least, agreement should
be found between the models of Seuntïens and the results within this thesis. The studies indicate
construct validity of OPQ such that OPQ can identify video quality and depth perception as the
strongest impacting factors for 3D Quality of Experience, similar to the Vndings of Seuntïens [152].
Furthermore, it can be used to extend the knowledge about the rationale with better modeling of
dependencies and aUective dimensions.
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Reliability The results of the diUerent studies with varying research questions conVrm the inter-
nal reliability of consistency of OPQ results. Although no explicit test-retest study was conducted,
the evaluation of the same research question in two diUerent contexts in Study 4 (section 4.5) as a
quasi-test-retest application shows good agreement in the joint Hierarchical Multiple Factor Anal-
ysis in terms of the identiVed quality factors and their impact on perceived quality. Further, the
results obtained from quantitative and sensory evaluations show good agreement on quality mod-
els and preferences towards artifact-free videos in all studies. To achieve internal consistency of
Open ProVling of Quality, the thesis introduces a standardized test description and methods for
common training of test participants within OPQ studies. The experience of the author and other
researchers has shown that such standard training is an important step in consistent application of
the method and reliable results. While internal reliability describes the reproduction of empirical
Vndings within OPQ studies, external reliability refers to the equivalence of results in comparison
to other evaluation approaches. The quality rationales that OPQ identiVed to explain quantitative
quality preferences are conVrmed by other studies on (mobile) 3D video and television [60, 152].
Especially, the dominance of visual artifacts and 3D perception and the bipolar description of qual-
ity (blocky - sharp; blurry - visible details) are also described in Jumisko-Pyykkö and Utriainen’s
interview-based quality component models [60]. Finally, the last point of discussion is the role of
interrater reliability in the interpretation of OPQ models. The quality models for Study 4 were
therefore analyzed independently by two researchers, the author of this thesis and a master student
for her thesis [184]. A comparison of the descriptions of the dimensions of the OPQ models shows
good agreement between the raters, although Kappa values [4] are hard to calculate for these inter-
pretations. For example, the following is a juxtaposition of the interpretations of the MFA models
for the context data set:
Eulenberg [184]:
– “The Vrst dimension can be connected to attributes of ’good visual quality’ on the one
end of the axis and with ’bad visual quality’ on the other end of the axis.” 1
– “The second dimension can be associated to bad 3D visualization. Thereby, the second
dimension of mainly aUected by content ’Dracula’, and to a minor degree by contents
’The Eye’ and ’Makro’.” 2
The author (section 4.5):
– “The Vrst component is mainly described with attributes like ’blocky’ or ’artifacts’ on its
negative polarity, while the positive one correlates strongly with attributes like ’clear’,
’sharpness of edges’, or ’3D eUect’. These items describe the diUerences in the perception
of video quality and are in accordance to the separation of QPs along the Vrst dimension.”
1“Die 1. Dimension kann daher mit den BegriUen ’gute visuelle Qualität’ an einem Ende der Achse und ’schlechte
visuelle Qualität’ am anderen Achsenende verknüpft werden.”
2“Die 2. Dimension lässt sich mit schlechter 3D-Darstellung assoziieren. Dabei ist die 2. Dimension hauptsächlich durch
den Content ’Dracula’ geprägt, in geringem Maße aber auch durch die Contents ’The Eye’ und ’Makro’.”
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– “The second dimension is correlating with attributes such as ’double images’ on the one,
with few attributes like ’color-fast’ and ’perceivable as one image’ on the other polarity.
Having in mind that along this component content Dracula separated from the other
content, one can see that there was a problem with getting a proper 3D perception.”
4.6.3. Conclusion
This section concludes the Vrst part of the thesis in which the author explored the development
of a validated mixed-methods research approach for audiovisual quality evaluations. Finalizing the
development process of Open ProVling of Quality, the method was submitted as a proposal for
standardization to ITU-T SG12 [185]. “Proposal on open proVling of quality as a mixed method
evaluation approach for audiovisual quality assessment” [225] was accepted as a submission for
Question 13/12 “QoE, QoS and performance requirements and assessment methods for multimedia
including IPTV” [186] and was presented successfully in the general ITU-T SG12 meeting in January
2011.
However, during the work towards standardization of Open ProVling of Quality, some shortcom-
ings and limitations were identiVed. First, during a series of OPQ studies on a set of related research
questions, a great deal of sensory data are collected. These data have individual characteristics in
terms of meanings. Interpretation of these idiosyncratic attributes is very diXcult for the researcher
and depends on deVnitions given by each assessor [117]. However, for further development, a com-
mon vocabulary or quality terminology is desirable because it may signiVcantly shorten the length
of studies by eliminating the need for vocabulary development. However, Open ProVling of Quality
does not oUer tools for creating a common terminology from the individual quality factors. Second,
systematic comparisons between OPQ and existing methods are needed to provide guidelines for
the eUective use of these methods by practitioners. To probe aspects in the comparisons, OPQ can
provide a relatively easy data-collection and analysis procedure that does, however, require multi-
ple evaluation sessions. In contrast, interview-based methods require good interviewing skills in
personnel and a relatively time-consuming data analysis to be completed in a one-session design.
Systematic comparisons are needed to verify performance-related aspects (e.g., accuracy in diUer-
ent quality ranges, validity, reliability, and costs), complexity (e.g., ease of planning, conducting and
analyzing, and interpreting results), and evaluation factors (e.g., number of stimuli, knowledge of
research personnel) [187–189]. The long-term goal is to support the idea of safe development of
these instruments by understanding their beneVts and limitations when capturing deeper under-
standing of experienced multimedia quality. These two aspects will be covered in the following
sections within the work on the Extended-OPQ approach (chapter 5) and the development of a
holistic comparison model for descriptive research methods (chapter 6).
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5. Extended-OPQ: From individual vocabulary to general
components of QoE
In this section, the component model as an extension to Open ProVling of Quality is introduced. The
extension allows creating common terminology from a set of individual quality attributes from dif-
ferent OPQ studies. The obtained components of QoE for mobile 3D television are presented, and the
use of Vxed terminology in comparison to OPQ’s original individual vocabulary proVling approach is
presented. Parts of this chapter have been published in Strohmeier et al. “The Extended-OPQ method
for User-centered Quality of Experience evaluation: A study for mobile 3D video broadcasting over
DVB-H,” EURASIP Journal on Image and Video Processing, special issue on Quality of Multimedia Ex-
perience, vol. 2011, Article ID 538294, 24 pages, 2011, doi:10.1155/2011/538294 [217], Jumisko-Pyykkö et
al. “Descriptive Quality of Experience for Mobile 3D Video”, in Proc. of the 6th Nordic Conference on
Human-Computer Interaction (nordiCHI), Reykjavik, Iceland, 2010, and Kunze et al. “Towards a com-
parison model for audiovisual quality evaluation methods”, submitted to Third International Workshop
on Quality of Multimedia Experience (QoMEX), Mechelen, Belgium, 2011.
5.1. Fixed vocabulary and terminologies in descriptive analysis
In contrast to individual descriptive methods, Vxed vocabulary approaches evaluate perceived qual-
ity based on a predeVned set of quality factors. The descriptive evaluation with Vxed vocabularies
has had a long tradition, and several methods have been introduced and applied successfully on dif-
ferent research questions [40, 63]. In general, this Vxed vocabulary (also objective language [190],
lexicon [191], terminology [192], or consensus vocabulary [46]) is regarded as a more eUective way
of communicating research results between the quality evaluators and other parties (e.g., develop-
ment, marketing) involved in the development process of a product [190] compared to individual
quality factors. Such approaches also allow for direct comparison of diUerent studies or easier cor-
relation of results with other data sets like instrumental measures [71].
In general, vocabularies include a list of quality attributes to describe the speciVc characteristics
of the product to which they refer. These quality attributes are usually structured hierarchically
into categories or broader classes of descriptors. In addition, vocabularies provide deVnitions or
references for each of the quality attributes [190, 191]. Some terminologies in the Veld of sensory
evaluation have become very popular because it allows for deVning a common understanding about
underlying quality structures. Popular examples are the wine aroma wheel by Noble et al. [192]
and Meilgaard et al.’s beer Wavor wheel [193], both of which use the common wheel structure to
organize the diUerent quality terms.
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A Vxed vocabulary in sensory evaluation needs to satisfy diUerent quality aspects that were in-
troduced by Civille and Lawless [71]. Especially, the criteria of discrimination and non-redundancy
need to be met so that each quality descriptor has no overlap with another term. In descriptive
evaluation methods that apply these vocabularies, a consensus about the meaning of each of the
attributes is needed among assessors [40]. While sensory evaluation methods like Texture ProVle
[194] or Flavour ProVle (see [195]) apply vocabularies that have been deVned by underlying physical
or chemical properties of the product, Quantitative Descriptive Analysis (QDA) (see [63]) makes use
of extensive group discussions and training of assessors to develop and sharpen the meaning and
consensus of the set of quality factors.
In research related to audiovisual quality evaluations, Bech and Zacharov [46] provide an overview
of existing quality attributes obtained in several descriptive analysis studies. Although these at-
tributes show common structures, Bech and Zacharov indicate that they must be regarded as highly
application speciVc, so they cannot be regarded as terminology for audio quality in general. A
consensus vocabulary for video quality evaluation was developed in Bech et al.’s RaPID approach
[69].
5.2. The component model as extension of the OPQ method
5.2.1. Open deVnition task and qualitative descriptions
Within a set of OPQ studies in a speciVc research area, test participants develop a large number of
attributes that all relate to their individual descriptions of perceived quality in the speciVc domain.
As descriptive analysis targets a broad evaluation of a speciVc research area with respect to diUer-
ent research problems [63], these descriptors cover a multifaceted view on experienced quality in
this domain. During the development of Open ProVling of Quality, the question arose concerning
whether it was possible to develop a common vocabulary from these individual attributes to describe
and evaluate the experienced quality of audiovisual 3D media. In fact, OPQ is a suitable approach
to investigate and model individually experienced quality factors, but higher level descriptions of
these quality factors for communicating the main impacting factors to engineers or designers have
been missing.
In a related approach, Samoylenko et al. [196] introduced the Verbal Protocol Analysis method.
The goal of this approach was to analyze descriptions of the timbres of musical sounds and place
them in a common structure. The approach has three levels of classiVcation. In the Vrst level,
Samoylenko et al. classify each of the verbal descriptors according to its ’logical sense’, that is,
whether it describes similarities or diUerences between two stimuli. The second phase clusters
descriptors according to their ’stimulus relatedness,’ which refers to either global or speciVc de-
scriptions. The third hierarchical level groups descriptors according to ’semantic aspect’. This
level diUerentiates each descriptor either by single features or by a holistic, conceptual description.
Overall, ten classiVcations are made for each descriptor in the three levels. The Vnal result is a
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classiVcation of each descriptor according to these ten classes. Samoylenko et al. use this classi-
Vcation to switch from a descriptor-related analysis to a more general analysis of results within
diUerent groups in the classiVcation. Although this approach is promising for a generalized step of
analysis of data obtained from free verbalization tasks, it does not allow for development of general
vocabulary that can be used in prospective evaluation studies.
The component model is a qualitative data extension that allows for identifying the main com-
ponents of Quality of Experience in the OPQ study and organizing them into a logical structure
of categories and subcategories. The component model is included in the Extended-OPQ approach
[217], which extends OPQ with a fourth step of data analysis using data collected during the OPQ
test (Figure 3.1). Within the attribute-reVnement task of the sensory evaluation, a free deVnition
task is conducted. The task completes the attribute reVnement, and test participants are asked to de-
Vne each of their idiosyncratic attributes. As in the attribute elicitation, participants are free to use
their own words, but deVnitions must clarify what an attribute means for them or to which aspect of
experienced quality it relates. In addition, participants are asked to deVne minimum and maximum
values of sensation for each attribute if possible. My experience has shown that this task is rather
simple for the test participants compared to attribute elicitation. After the attribute-reVnement task,
participants were all able to deVne their attributes very precisely (Table 5.1).
Attribute Participant’s DeVnition Minimum Maximum
Wuent movement movements and action get
blurry and get stuck in the
background
movements get very blurry n/a
image blurred frames are not layered cor-
rectly
image not displaced image seems to be highly
displaced
constant background background does not
change when there is a
non-moving image
n/a colors and outlines do not
change at all
Table 5.1. – Examples of attributes and their deVnitions obtained in the transmission study of Mobile3DTV
(Section 4.4)
Collecting deVnitions of the individual attributes is not new within the existing Free-Choice pro-
Vling approaches, and deVnitions are collected in related methods [117]. However, those deVnitions
have only served to interpret the attributes in the sensory data analysis [214]. In the Extended-
OPQ approach, I see these deVnitions as a second level of descriptions of the experienced quality
factors with the help of the free deVnition task. These descriptions are short (one sentence), well
deVned, and precise. While the individual attributes are used for sensory analysis, the component
model extension Vnally applies these qualitative descriptors to form a framework of components
of Quality of Experience. By applying the principles of Grounded Theory framework [66] through
systematic steps of open coding, concept development and categorizing, researchers develop a de-
scriptive Quality of Experience framework that shows the underlying main components of QoE
in relation to the developed individual quality factors. Comparable approaches have been used in
95
5.2. The component model as extension of the OPQ method
the interview-based mixed-methods approaches also included in the UC-QoE evaluation framework
[9, 58]. This similarity makes it possible to directly compare (and combine) the outcomes of the
diUerent methods into a joint model.
5.2.2. Components of Quality of Experience for mobile 3D video
From the data sets obtained in the evaluations of mobile 3D television, the chosen three studies
that represented a large variety of research problems [226]. The characteristics of these studies are
summarized in Table 5.2.
Experiment and Re-
search problem
Experiment Variables Stimuli Characteristics
Experiment 1: [214]
2D-3D comparison
Sample size: 15
Video: presentation mode (2D/3D)
Audio: presentation mode (mono/stereo)
Content: 6 contents
Length: ∼ 18 s
Videos: Synthetic and Natural
Presentation mode: 2D and 3D
Quality level: Highly acceptable
Video: mp4v, 10-22Mbit/s, 25fps
Audio: WMA 9, 48kHz 16bit
Experiment 2: [214]
3D coding methods
Sample size: 15
Video: 4 coding schemes
2 quality levels(low: 74-160kbps bit rate,
high: 160-452kbps);
Content: 6 contents
Length: ∼ 10 s
Videos: Synthetic and natural
Presentation mode: 3D
Quality level: Highly acceptable
Video: H.264/AVC (JMVC 5.0.5)
Audio: none
Experiment 3: [217]
3D DVB-H transmis-
sion
Sample size: 17
Video: 3 coding schemes@ slice and nonslice
mode
2 MFER rates (10%, 20%);
Audio: clean audio;
Content: 4 contents
Length: ∼ 60 s
Videos: Synthetic and natural
Presentation mode: 3D
Quality level: Highly acceptable
Video: H.264/AVC (JM 14.2), MVC (JMVC
5.0.5)
Audio: WMA 9 11/44.1 kHz
Table 5.2. – Characteristics of the experiments chosen for development of the QoE component model
For each of these studies, test participants developed a set of individual deVnitions in the free-
deVnition task at the end of OPQ’s attribute-reVnement task. These deVnitions were taken as inde-
pendent descriptive data sets for experienced quality and analyzed following the concept of data-
driven framework in accordance to the principles of Grounded Theory [66] and the instructions
given by Jumisko-Pyykkö [9]:
1. Open coding towards concepts: Usually, this steps starts by extracting meaningful pieces of
data from the transcribed data sets. In the analysis of the free deVnition data, each deVnition
can be treated directly as codes in the analysis as the deVnitions are short, well-deVned, and
precise in comparison to, for example, interview data. From these codes, concepts and their
properties are identiVed.
2. Categorization: All concepts developed are further categorized into major categories and
probably subcategories
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3. Frequencies of mention: The frequency in each category is determined by counting the
number of participants who mentioned it. Several mentions of the same concept by the same
participant are counted just once.
4. Interrater reliability: A second researcher performs coding and categorization for a ran-
domly selected 20% of each data set, and interrater reliability is calculated using Cohen’s
Kappa [4].
The results of the data-driven analysis of the free-deVnition task data shows that, in general,
experienced quality for mobile 3DTV transmission is constructed from components of visual quality
(depth, spatial, temporal), viewing experience, content, audio, and audiovisual quality (Table 5.3).
The component model provides converging results to the results obtained in the sensory evalua-
tions in terms of components and their importance. The most important category of the component
model obtained is the visual quality, conVrming the Vndings of the sensory analysis. Although the
weighting of its subcomponents spatial, temporal, and depth diUers among the diUerent studies,
the overall Vndings show that especially the artifact-free perception of the video (clarity, Wuency,
excellence of 3D) determines participants’ components of quality. In addition, the model shows
that test participants often use complementary descriptions of quality that lead to contrary sub-
categories comparable to descriptions along dimensions in the sensory results. Thus, either visual
spatial quality is described positively in terms of detection of objects and their details, or the same
eUect is described negatively due to diUerent structural imperfections such as blocking impairments
and visible pixels. This juxtaposition can also be identiVed for other components, for example, Wu-
ent motion as opposed to inWuent motion or eye strain as opposed to ease of viewing. Finally, it is
remarkable that the results of the component framework analysis conVrm the Vndings of the sen-
sory evaluations for audio and audiovisual components. While in the sensory analysis one could
still argue that the audio-related components are simply overwhelmed by the high impact of visual
components, the model shows that few attributes are developed in relation to audio and audiovisual
quality components. This Vnding conVrms the sensory results. However, the inclusion of audio and
audiovisual as separate components is important for the holistic view of the developed component
model.
Within the work in the UC-QoE framework development, the component model was used in a
joint analysis with qualitative data obtained through interviews in contextual studies [58]. The com-
parable characteristics of the data and the resulting separate component models allowed combining
the diUerent data sets into one descriptive Quality of Experience model for mobile 3D video. The re-
sults presented by Jumisko-Pyykkö et al. [226] conVrm the results of the OPQ component model and
generalize the model. Table 5.4 lists the Vnal components of QoE for mobile 3D video [226]. Espe-
cially by the contextual data, new emphasis is placed on context-dependent components within the
category of Viewing Experience. Overall, the developed joint results present a general descriptive
model of QoE for mobile 3D media. Jumisko-Pyykkö et al. [226] conclude that important steps for
further work on the descriptive model are related to validation and operationalization. Following, I
97
5.3. Study 5: Comparison of the perceptual model of OPQ and Conventional ProVling
present the results of a comparison study between Open ProVling of Quality and a newly introduced
method called Conventional ProVling [226], which the Free-Choice ProVling task is substituted for
by using the QoE component model as Vxed vocabulary for sensory evaluations.
5.3. Study 5: Comparison of the perceptual model of OPQ and Conventional
ProVling
Operationalization of the developed QoE components can be accomplished through several meth-
ods. In this study, the components were used as Vxed attributes in a conventional proVling approach.
For validation of results, the laboratory part of the OPQ study presented in section 4.5 was repeated
in the use of conventional proVling.
5.3.1. Research method
5.3.1.1. Test participants
Sixty-three test participants took part in the study. All test participants were screened for normal
or corrected-to-normal vision, color vision, and 3D vision. All test participants can be classiVed
as naïve assessors because they had experience neither in the domain of research nor in subjective
quality evaluation studies. In the study, each test participant passed the psychoperceptual eval-
uation. For the qualitative part of the study, 15 randomly selected participants were assigned to
Conventional ProVling (CP) and 16 participants to OPQ.
5.3.1.2. Test stimuli
Six diUerent contents and three diUerent video qualities (QPs) were used. The stimuli of the study
were the same as those produced and applied in the contextual validation study of OPQ. Description
of contents and production of the variables is reported in section 4.5.
5.3.1.3. Stimulus presentation
The tests were conducted in a laboratory at Ilmenau University of Technology, and test conditions
were arranged according to the speciVcations in ITU-T P.910 [5]. As a playback device, a digital
Viewer FinePix REAL 3D V1 from FUJIFILM was used with a resolution of 640x480 pixels for the
3D videos. The viewing distance was set to 50 cm initially, but test participants were allowed to
adjust their viewing distance for the best stereoscopic experience. The integrated loudspeakers of
the FinePix V1 were used for audio playback due to a missing headphone connection. According
to the speakers’ maximum sampling rate, audio was represented with a sampling rate of 11 kHz.
DiUerent playlists in pseudo-randomized orders were used for video presentation. During the psy-
choperceptual evaluation, each test item was presented twice. In the OPQ and CP approaches, each
video was presented once and again at the request of the test participant.
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5.3.1.4. Test procedure
Psychoperceptual evaluation and Open ProVling of Quality This study is based on the data
set obtained in Study 4. Psychoperceptual evaluation and OPQ are reported in section 4.5.
Conventional ProVling Conventional ProVling (CP) [226] is an adaptation of OPQ with an eval-
uation of quality on Vxed vocabularies comparable to QDA (see section 2.4.1). In contrast to classic
consensus vocabulary methods, we did not conduct any group discussions for attribute elicitation
but used the developed component model of QoE for 3D mobile media. At the beginning of the
conventional proVling, test participants received a list with the quality components and their de-
scriptions (see table 5.4). Test participants Vrst read this list and were asked to become familiar with
the attributes. They were allowed to ask questions for clariVcation, but no references were provided
by the researcher. In the second step, comparable to OPQ’s attribute reVnement, a score card on
which each attribute was displayed with a 10 cm line labeled with ’min’ and ’max’ was provided
(see section 3.3.1.3). In a training task, assessors watched and rated a subset of 6 videos. Finally,
a sensory evaluation of the whole data set was conducted, and all items were rated on the Vxed
attributes. The conventional proVling was conducted after a 5 min break following the psychoper-
ceptual evaluation.
5.3.1.5. Methods of Analysis
For the psychoperceptual evaluation nonparametric methods (Kolmogorov-Smirnov: p < .05) and for
OPQ, a Multiple Factor Analysis was used (see section 4.5). The data of the conventional proVling
were Vrst transformed into quantitative measures by measuring the distance from the ’min’ to the
participant’s rating for each attribute and test item. To maintain comparability with the results
of OPQ and to take into account individual diUerences of the test participants, a Multiple Factor
Analysis was applied to the CP data set. Although the common method for analyzing consensus
data is to perform a PCA on the mean over participants, common individual proVling methods like
GPA or MFA have been applied because of their ability to display individual diUerences in the use
of the consensus vocabulary [132, 133, 135]. Finally, a Hierarchical Multiple Factor Analysis was
conducted for joint analytical comparison of the OPQ and CP data sets.
5.3.2. Results
5.3.2.1. Psychoperceptual evaluation
Acceptance of overall quality The presented stimuli reached an acceptance level of 52.8% in
total. Items with qp30 were accepted with a minimum of 82.5% and with 94.2% over all contents.
Items with qp40 reached an acceptance level of 52.4% over all contents, whereas items with qp45
were not acceptable at all (11.9%)(Figure 5.1).
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Figure 5.1. – Overall acceptance ratings averaged over contents as well as by individual content.
Satisfaction with overall quality Analysis of the distributions of OPQ and CP data set did not
reveal signiVcant diUerences, so the data were analyzed jointly (Mann-Whitney U: all comparisons:
p >.05). The coding quality parameters inWuenced the overall quality perception when averaged
over all contents (Fr = 743.433, df = 2, p < .001) as well as by individual content (all comparisons: p <
.001). Figure 5.2 shows the mean satisfaction scores averaged over all participants for the diUerent
contents and quality parameters and for the separate contents tested. Videos with qp30 provided
the most satisfying quality (qp30 vs. qp40: Z = -17.021, p < .001). The qp45 quality level received
the worst ratings (qp40 vs. qp45: Z = -15.832, p < .001). This Vnding is also valid for a content-wise
analysis (all comparisons: p < .001). The results also show diUerences in the ratings of the diUerent
contents at the same quality levels (all comparisons: p < .001). Contents 24h and Makro received
the highest ratings for qp30. The eye and Dracula were worst rated for the highest quality level
(Dracula vs. Theeye: Z = -1.692, p = .091, ns). At the low quality level, skydive was rated best (all
comparisons: p < .001). Dracula, 24h, and the eye were worst rated for the low quality level (Dracula
vs. 24h vs. the eye: all comparisons: p > .05, ns; vs. other contents: all comparisons: p < .05).
5.3.2.2. Sensory evaluation
The results of the OPQ are reported in detail in section 4.5. For comparison, the loadings of the
test items on the MFA components of the OPQ data set are shown again in Vgure 5.3 (black labels).
Summarizing the results, the MFA of the OPQ data revealed a perceptual model of two dimensions
that account for 44.25% explained variance. The Vrst dimension was identiVed as descriptions of
video quality while the second component correlated with attributes that referred to a proper 3D
perception.
For the CP data set, we also calculated the MFA over all participants. The CP model resulting from
the MFA accounts for 53.46% explained variance (dimension 1: 44.04% and dimension 2: 9.42%). The
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Figure 5.2. – Mean satisfaction scores of the psychoperceptual rating given for the joint data set as well as
for the individual results of psychoperceptual evaluation within OPQ and CP.
item plot (Figure 5.3; red labels) shows that the test items separate along the Vrst component ac-
cording to the diUerent QPs. Along the second component, especially the items of content Dracula
separate from the other test items. For the sake of clarity, the author averaged the resulting corre-
lations for all 19 attributes over the participants and presents the averaged attribute correlations in
Figure 5.4. While all these attributes show high correlation with dimension 1 and low correlation
with dimension 2, the non-averaged results (Figure 5.4; gray arrows) also reveal high correlation of
some attributes with dimension 2. For dimension 1, the highest correlation is given for attributes
like ’clarity of motion’; ’objects and edges’; ’color, brightness, and contrast’; and ’clarity of image’.
For dimension 2, the correlation plot shows that the attributes with high correlation diUer and fall
into classes like ’ease of viewing’, ’Wuency of motion’, or ’perceivable depth’. Further, MFA calcu-
lated the correlations of each individual PCA result with the overall MFA model (Figure 5.5). For
all participants, the dimension 1 (’F1’) correlates with MFA’s Dim1 and many of the individual ’F2’s
with the MFA’s Dim2. Thus, the structure of the individual data sets are quite comparable. However,
no correlation of the overall attributes with Dim2 can be found within the averaged MFA results.
The patterning of the individual attributes (gray arrows in Figure 5.4) suggests that participants
may have understood and used the attributes in diUerent ways and that the used attributes may not
have been adequate for describing all perceived quality characteristics.
5.3.2.3. Comparison of OPQ and CP data sets
Both data sets show comparable impact on the HMFA model (Figure 5.6). The model shows the
loadings of each test item in the HMFA model as well as the partial plots of each hierarchy level,
that is, OPQ and CP. The separation of test items along the Vrst dimension is in accordance with
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Figure 5.3. – Item plots of the MFAs on OPQ (black) and CP (red) data sets.
the QPs applied. Along the second component, the Dracula items separate from the rest of the test
items. These Vndings conVrm the individual results of OPQ and CP, which can also be seen in a
comparable explained variance of 54.19% of the HMFA model. Further analysis of the partial plots
shows that the deviation along the Vrst dimension between the two data sets is very low. Along the
second component, higher deviation can be found. OPQ results tend more towards the extremes for
most items, with loadings on dimension two (e.g. dracula_qp40, theeye_qp45, makro_qp45), than
the CP results.
5.3.3. Discussion
The purpose of this study was twofold. First, I wanted to show an initial approach to operational-
izing the vocabulary obtained from the application of the Extended-OPQ methods, especially the
component model, on the data sets from quality evaluations on mobile 3D video. The presented
Conventional ProVling approach adapts the method of OPQ and replaces the individual vocabulary
evaluation with an evaluation with Vxed vocabulary. Second, the study targeted the validation of
the descriptive QoE component model for mobile 3D video. This study presents the comparison of
the Conventional ProVling approach with an Open ProVling of Quality.
The results of the study conVrm the intended goals and show that both data sets describe the
test items in a comparable way. In general, the results of OPQ and CP are very similar in terms
of dimensions as well as the strength of the two models in terms of explained variances. CP and
OPQ both indicate the importance of the video quality as the most important quality factor. A
description of the individual results as well as the joint analysis of the data sets in the HMFA shows
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only low deviation along this dimension between the data obtained from OPQ and CP. Although the
separation of test items between the two methods is also comparable along dimension 2, there exist
larger deviations between the data sets. The results of the individual MFA analyses show a large
diUerence between the explained variance of dimension 2 for OPQ (17.17%) and CP (9.42%). The
analysis of the correlation plot of the CP reveals that there is still an inconsistency in descriptors
used to describe the second dimension, explaining the low percentage of explained variance for this
dimension. This inconsistency also explains why there is no clear correlation of attributes in the
averaged data with dimension 2 (Figure 5.4). Although test participants were able to describe the
second component as an important quality factor, they applied diUerent attributes to rate the quality
of crosstalk and double images, which are covered by dimension 2. In this case, the agreement in the
individual descriptions in the OPQ approach is higher, and the importance of the impact of double
images is better emphasized.
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The results of the Conventional ProVling suggest that further adaptations and reVnement are
needed for the attributes. Originally, sensory analysis based on Vxed vocabulary spends a lot of
time on creating a consensus among test participants on the diUerent attributes. These missing
discussions can be identiVed as a weakness of the Ext-OPQ approach and further operationalization
of its created terminologies. However, the results show very good agreement along the Vrst dimen-
sion of the CP model and good separation of the test items along the second component. Further
work needs to address the reVnement of attributes that can be achieved by decreasing the number
of attributes in the vocabulary and by redeVning and better specifying the deVnitions per attribute.
5.4. Conclusions
The component model of the Extended-OPQmethod describes an approach to develop a Vxed vocab-
ulary of descriptive components for Quality of Experience from a series of OPQ tests. As outlined
above, sensory analysis targets the global evaluation of a Veld of research that includes studies on
variant research questions within the domain (see section 4). From these studies, many attributes
and their deVnitions are obtained and can be integrated into a terminology of components of QoE
within the Ext-OPQ approach. Because the data analysis of the free deVnitions in the Ext-OPQ ap-
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Figure 5.6. – Result of the Hierarchical Multiple Factor Analysis on the joint data set of OPQ and CP. The
partial plots show the impact of the individual data sets.
proach is compliant with the interview-based descriptive methods within the User-centered Quality
of Experience evaluation framework, the models can be validated in a Vrst step parallel analysis of
diUerent data sets.
However, terms developed in the Ext-OPQ need operationalization to make them and the Ext-
OPQ approach a valuable tool within descriptive evaluations. By applying the terminology in an
adapted approach of the conventional proVling method [226], the author presented a Vrst approach
for creating new tools for quality evaluations based on the vocabulary. Further operationalization
will increase the validation of the terminology and can create a basis for communication about QoE
within system development. Thus, the Extended-OPQ approach with its component model oUers
researchers a tool to reuse the individual attributes and descriptions from OPQ studies.
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Components DeVnition (examples) Exp1 Exp2 Exp3
(major and sub) in % in % in %
Total number of attributes developed 130 129 128
Interrater reliability; Cohen’s Kappa 0.8 0.8 0.8
VISUAL SPATIAL Descriptions of spatial video quality factors
Clarity Good spatial quality (clarity, sharpness, accuracy, visibility, error-
free)
73.3 80.0 76.5
Color Colors in general, their intensity, hue, and contrast 66.7 100.0 52.9
Brightness Brightness and contrast 26.7 80.0 17.6
Blurry Blurry, inaccurate, not sharp 46.7 40.0 47.1
Visible pixels Impairments with visible structure (e.g. blockiness, graininess,
pixels)
33.3 73.3 70.6
Detection of objects Ability to detect details, their edges, outlines 73.3 80.0 47.1
VISUAL TEMPORAL Descriptions of temporal video quality factors
Motion in general General descriptions of motion in the content or camera move-
ment
26.7 53.3 29.4
Fluent motion Good temporal quality (Wuency, dynamic, natural movements) 60.0 52.9
InWuent motion Impairments in temporal quality (cut-oUs, stops, jerky motion,
judder)
6.7 40.0 88.2
Blurry motion Experience of blurred motion under the fast motion 20.0 6.7 17.6
VISUAL DEPTH Descriptions of depth in video
3D eUect in general General descriptions of a perceived 3D eUect and its detectability 86.7 80.0 58.8
Excellence of 3D eUect ArtiVcial, strange, erroneous 3D descriptions (too much depth,
Wat planes)
66.7 6.7
Layered 3D Depth is described having multiple layers or structure 26.7 33.3 23.5
Foreground Foreground related descriptions 46.7 26.7 17.6
Background Background related descriptions 33.3 66.7 35.3
VIEWING EXPERIENCE User’s high level constructs of experienced quality
Eye strain Feeling of discomfort in the eyes 20.0 20.0 35.5
Ease of viewing Ease of concentration, focusing on viewing, free from interrup-
tions
40.0 6.7 52.9
Interest in content Interest in watching the content 40.0 13.3 11.8
3D Added value Added value of the 3D eUect (advantage over current system, fun,
worth of seeing, touchable, involving)
53.3 33.3 17.6
Overall quality Experience of quality as a whole without emphasizing one certain
factor
20.0 40.0 11.8
CONTENT Content and content dependent descriptions 13.3 6.7 17.6
AUDIO Mentions of audio and its excellence 13.3 11.8
AUDIOVISUAL Audiovisual quality (synchronism and Vtness between me-
dia)
29.4
Table 5.3. – Components of Quality of Experience, their deVnitions and percentage of participants’ attributes
in this category per study
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6. Performance of OPQ in comparison to related research methods
In this Vnal research chapter, I compare Open ProVling of Quality to other descriptive research ap-
proaches in the domain of video quality evaluations. The comparison of the method is a very important
Vnal step towards a well-validated research method. For a systematic comparison of descriptive research
methods, a comparison model for holistic understanding of diUerences and similarities of approaches is
developed. I apply this framework in two studies in which I compare OPQ to interview-based approaches
and free-sorting methods. Parts of this chapter have been published in Kunze et al. “Comparison of Two
Mixed Methods Approaches for Multimodal Quality Evaluations: Open ProVling of Quality and Con-
ventional ProVling”, Proc. of the Third International Workshop on Quality of Multimedia Experience
(QoMEX 2011), Mechelen, Belgium, 2011 [227].
6.1. Towards a model for systematic comparison of research methods
6.1.1. Comparison criteria for experimental research methods
The systematic comparison of diUerent research approaches is important to selecting a proper re-
search method for a speciVc research problem. In addition, it is a key aspect in the methodological
work on new research approaches. The principle of parsimony as one principle of good experimen-
tal research only allows creating new methods if the need for new approaches is clearly identiVed.
Thus, Open ProVling of Quality needs to be compared to related research methods so as to describe
the purpose, appropriateness, and abilities of each of the approaches.
Comparisons have been made for diUerent psychoperceptual quality evaluation methods in the
ITU recommendations [5, 39]. In those like ITU Recommendation ITU-T P.910 [5], diUerent research
methods are described, and short guidelines are oUered for purpose-directed selection of the appro-
priate method. Within these guidelines, mostly stimulus-related factors, for example, perceivable
quality range or discrimination power, are taken into account to direct the selection process. Sim-
ilar approaches can be found in the juxtaposition of diUerent sensory evaluation methods in food
sciences [40, 195]. Here, the oUered guidelines are oriented along three main criteria in a research-
problem-related approach and diUerentiated in accordance with the “three primary questions about
products”: 1) acceptability, 2) sensory analysis, and 3) the nature of diUerences [40]. Although these
two approaches provide guidelines for key aspects in the comparison of research methods, there
is the need for further comparison attributes as questions about issues like detail of results, costs,
or needed research personnel are not yet addressed. However, further comparison criteria can be
identiVed from other Velds of research beyond the domain of quality evaluations.
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The most general comparison criteria are described in the social sciences. In that Veld, perfor-
mance indices are well-established tools to measure diUerences between methods in terms of their
degree of scientiVc nature. These criteria are primarily validity and reliability [2, 3] (see section 2.1),
but generalizability, replication, and objectivity are also found to be important criteria in related re-
search approaches. Especially for qualitative research, Lincoln and Guba [197] summarize these
criteria in their concept of trustworthiness. Trustworthiness, in general, concerns the real value of
a method or study for the audience for which it is intended. It assesses this value in terms of such
criteria as underlying research questions, applicability of the method in other domains, consistency
of results among diUerent studies, and minimization of any bias eUects [197].
Studies on usability extend the criteria of validity and reliability with other performance-related
criteria like eUectiveness, eXciency, and robustness related to economical aspects [198]. In addition,
Markopoulos and Bekker [198] list criteria for describing diUerent usability methods: purpose of the
test, the artifact tested, the interaction tasks, participants, facilitator, environment/context, proce-
dure, capture of data, and the characteristics of the test participants. Other studies on comparison
of usability tests extend the deVnitions of eUectiveness and describe it in terms of cost eUectiveness
and eUectiveness of results (number of usability problems identiVed) [188, 199].
In the food sciences also some eUort has been put forth to compare diUerent sensory evaluation
methods. While many of the comparisons focus on the pure juxtaposition of the results [82, 84, 141],
McTigue et al. [187] describe a set of requirements for holistic comparison of descriptive methods.
In a comparison of four descriptive analysis approaches, they applied the following criteria: subject
selection, number of subjects, training, samples evaluated, replications, method of measurement,
analysis of data, outcome, and professional personnel [187]. In addition to results, their comparison
criteria describe similarities and diUerences in terms of requirements for time, test items, person-
nel, and need for technical equipment. The importance of including test personnel and technical
equipment in a systematic comparison model was also found by Yokum and Armstrong [189]. In
a comparison of several forecasting methods, implementation-related criteria like ease of use, ease
of interpretation, and cost/time were rated as very important to the overall comparison of validity,
reliability, and objectivity. Stecher et al. [200] found similar criteria when comparing assessments
in vocational education.
6.1.2. A holistic comparison model for systematic comparison
The comparison model organizes the identiVed comparison attributes from the literature review
into main classes and subclasses. The model as a schematic description of a theory accounts for
its known properties and targets further study of its characteristics in diUerent applications [201].
So the second goal towards a holistic comparison model is its operationalization based on selected
comparison criteria and appropriate measures per criterion.
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6.1.2.1. Modeling
Targeting a systematic comparison of research methods, the comparison model classiVes each of
the identiVed comparison classes. The structure of the model goes from a particular criterion to
more general categories identiVed during the development process (Figure 6.1). This structure is
beneVcial in the comparison of methods because comparison and description of research methods
can be accomplished based on either the general categories or particularly selected criteria of each
group for more detailed comparisons. The model consists of classiVcation of the comparison cri-
teria according to four key aspects of method descriptions identiVed during the literature review:
excellence, economy, implementation, and assessment.
Im
plementation
Validity
Reliability
Objectivity
Generalizability
Representativeness
Results/Outcome
Consistency/Credibility
Thoroughness
Robustness
Fairness
Effectiveness
Efficiency
Amount of Time
Costs
Results/Outcome
Environment
Context
Purpose of the test
Assessors
Personnel
Artifacts tested/Scalability
Complexity
* Ease of use
* Ease of interpretation
* Ease of using data
* Ease of implementation
Capture of data
Test procedure
Figure 6.1. – Holistic comparison model containing four main categories of Economy, Excellence, Assess-
ment, and Implementation as well as the criteria per class.
Excellence Excellence-related comparison criteria measure the quality of a test. This class refers
to the principles of good experimental research. Beyond comparison, each test method should
fulVll these criteria to be a useable research method. The excellence criteria themselves are hard to
measure for an individual method and have to be discussed with respect to the whole related Veld
of research. The criteria validity and reliability are known as quality criteria in the social sciences
[3]. Validity is related “to our conVdence that a given Vnding shows what it purports to show”
[2]. Furthermore, a valid Vnding has been logically and correctly interpreted. In the literature,
validity is discussed in terms diUerent aspects, of which internal, external, construct, and content
validity are among the most prevalent (see section 2.1). The general practice for measuring validity
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is a careful and thoughtful test design. During the test design process, it is important to consider
possible threats to validity such as history eUects, sampling bias, or confounding variables, which
require thorough consideration in the test development [4]. Reliability as another very important
test quality criterion can also be diUerentiated into diUerent types: internal, interrater, and external
reliability (or stability) [3, 4]. Coolican [4] describes how reliability is measured by correlation
coeXcients. A correlation coeXcient above 0.75/0.8 is considered to represent good reliability. In
addition to validity and reliability, further excellence-related criteria are included in the comparison
model (Figure 6.1). One best practice for a good test design is to describe such criteria carefully in
the test-development process, discussing and interpreting them.
Implementation Implementation-related criteria concern the implementation of a test and oUer
a very practical basis for comparison of research methods. A detailed description of the test proce-
dure is crucial to replicating a test, so the implementation-related criteria are connected to the class
of excellence-related criteria. Implementation-related criteria address characteristics of items being
tested, as well as general descriptions about the complexity of conducting the test. Test stimuli can
be compared in terms of number of parameters tested, assessed quality range, or very generally, the
number of items being tested. The complexity of a test then extends from stimuli to general test
complexity. Important criteria are ease of implementation, ease of application of the method, ease
of using the data, and ease of interpreting the results. There is a strong link between the aspects of
complexity and the class of economy-related criteria.
Assessment Assessment-related criteria concern the global characteristics of the test. They ex-
tend the aspects of implementation-related criteria with criteria beyond the test procedure. Thus,
a key question is the purpose of the test applied within a research method to answer a speciVc
research question. Criteria concerning the context of the test and appropriate evaluation environ-
ment, test participants, and the characteristics of the chosen sample, as well as the personnel, are
relevant for this category.
Economy This category comprises criteria that measure the economic potential of a method and
is based on the comparison aspects introduced in the Veld of usability [198]. While assessment-
related criteria compare methods based on their scientiVc values in terms of results and obtained
knowledge with respect to the research question, economy-related criteria evaluate methods with
respect to working eUorts and costs. Thus, the amount of time and the costs related to the results
and eXciency of a method can be estimated from that juxtaposition. Furthermore, eUectiveness
assesses the performance of a method, its completeness and accuracy, and the achievement of its
desired goals. Time and costs of a method have to be measured with regard to the test results to
compare the eXciency of methods [188, 198, 199].
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6.1.2.2. Operationalization
Operationalization of the comparison model allows for creating a uniVed tool for holistic research
methods comparison among studies and applications. To make the model applicable for researchers
and to assure reliability and validity of the comparison results of diUerent studies, the tool provides
deVned criteria and appropriate measures per criterion. In the current approach, the author restricts
the operationalization of comparison attributes to a selected set of attributes. In this approach, com-
parison attributes are classiVed as primary, secondary, and general criteria based on the possibility
of measuring them during a test (Table 6.1). Primary criteria are directly measurable during the
application of a method. Examples of primary criteria are the outcome of a method, the conduction
time per method, and the assigned research personnel needed to run the study. Secondary criteria
depend on the primary criteria and can be derived directly from them. Thus, the costs of a study de-
pend on a combination of the conduction time and the research personnel assigned for each subtask
within a method. In addition, the Vnal results of a method can be classiVed as secondary criteria
because they are dependent on the chosen methodology as well as the underlying research question,
for example, with respect to the degree of detail which they provide to answer it. General criteria
can be discussed only in terms of the speciVc results of one method. Examples are measurements
of reliability and validity. These criteria need comparison beyond one speciVc method or study and
need to be discussed with regards to results of previous work. Thus, the operationalized model in
Table 6.1 will be used as a Vrst conceptual tool for holistic comparison of descriptive evaluation
methods in audiovisual quality research.
Comparison of test outcomes and test results The test results are key criteria for describing
the applicability and power of a certain research method to answer speciVc research questions. The
results of such comparison do have an impact on other general comparison classes, such as economy
and excellence. While the outcome of a method can be directly compared as a primary criterion, the
Vnal comparison of test results must include the underlying research purpose or research question.
Comparisons can be conducted based either on a discussion of outcomes or, when the data allow, on
statistical analyses. Possible methods are either multivariate statistics or measures of correlations
[4, 109]. Results as secondary criteria are generally compared in a discussion relating outcomes and
research questions.
Comparison of durations for amethod The conduction time of a method is a second important
indicator for the economy aspects of a research method. The time that it takes to get results on a
research question is a signiVcant factor to calculate the costs for these results. While the time to
prepare and to analyze a study is hard to quantify as it depends on the number and experience
of the responsible researchers, the time for conducting a study is a relatively constant value. This
Vrst operationalization, deVnes milestones for conducting the study (Pre-Post-test, ACR, Descriptive
evaluation, total) and for data analysis (Data preparations, analysis, total). During the each phase of
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Comparison criterion DeVnition Selected measure
Primary criteria
Research personnel ClassiVcation of personnel into helpers, assis-
tants, and experts based on their knowledge
and skills
Identify the assigned research personnel for
diUerent tasks within the method taking into
account the needed skills and knowledge to
fulVll the task successfully
Duration Duration for planning, conducting and ana-
lyzing the study
DeVnition of milestones that mark consecu-
tive tasks within each method and measure-
ment of time in minutes to fulVll each mile-
stone. Comparisons can be done based on du-
ration per participant for each milestone as
well as for the overall duration
Outcome Comparison of the outcome of each method
after all analysis is Vnished
Comparisons can either be done on interpre-
tational basis, but statistical comparisons are
preferred if available (e.g. correlation, multi-
variate analysis)
Secondary criteria
Costs Comparison of results after all analysis is Vn-
ished
Multiplication of durations for each task and
the related (relative) costs per assigned re-
search personnel per task
Test results Results of the test with respect to the research
question, e.g. in terms of amount or degree
of gained information from the methods’ out-
come
Comparison of test results on interpretational
basis. Within interpretation, the gained infor-
mation related to the research question shall
be discussed.
General criteria
Validity Comparison of results, similarities and dif-
ferences, which allows a statement about
whether the methods were able to measure
the intended construct
Discuss the results of the method, the test de-
velopment and how threats to validity were
eliminated
Reliability Comparison of test results of diUerent meth-
ods and discussion of their consistency
Comparison of test results among the meth-
ods and comparison of results with related
studies
Table 6.1. – Operationalized comparison criteria, their deVnitions, and measures towards a holistic compar-
ison model for audiovisual quality evaluation methods.
the study, the time to achieve the following milestone is measured in minutes and later the measures
taken can be analyzed and compared statistically.
Comparison of needed research personnel Beside the conduction time, the needed personnel
that must be assigned to conduct a study is an important criterion for the selection of a speciVc
research method. The number of personnel and the needed experiences determine both working
eUort and the total costs of a test. Although the topic of classiVcation of research personnel is com-
plex in terms of experience, training, and knowledge, the author suggests a classiVcation according
to three basic classes: helpers, assistants, and experts (Table 6.2).
Comparison of costs for a study The costs of a study mainly consist of the eUort of research
personnel per task of the study and the time spent for the phase. As costs for research personnel
may diUer between countries or academia and industry, the current approach uses relative costs.
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Class DeVnition Tasks
Expert An expert is familiar with the related research meth-
ods from planning a study until reporting of results.
He has knowledge and experience in conducting and
analyzing diUerent research methods of psychoper-
ceptual evaluation and descriptive techniques. In ad-
dition, he can give instructions about all stages of a
study to other personnel.
Planning of an study
Data analysis
Interpretation of sensory results
Reporting of results
Responsibility for test design
Assistant An assistant is able to conduct tasks during a study
on his own after getting detailed instructions and
training. Assistants guarantee a certain quality level
and their tasks only need to be reVned by experts
from time to time.
Conduction of tests
Data processing and basic analysis
Contact to test participants
Helper Helpers support the study by doing simple tasks that
can be done after short instruction by an expert.
They can fulVll very speciVc tasks on their ownwith-
out continuous supervision of an expert. Helpers
may not have any knowledge about the study or
work beyond their tasks.
Recruitment of test participants
Publicity
Laboratory preparations
Data preparations
Transcriptions
Table 6.2. – ClassiVcation of research personnel for audiovisual quality evaluations.
In Germany, the relation of costs for helper:assistant:researcher is approximately 1:2:4 1. Based on
this, relative costs can be calculated per method by task cost = costs for assigned personnel ∗ duration
of task. The total costs of a study are then the cumulated task costs.
6.2. Study 6: Comparison of OPQ with related mixed-methods research
approaches
During the recent work towards mixed-methods research approaches, some other methods in ad-
dition to Open ProVling of Quality have been presented [37, 38]. Although all methods use the
standardized methods of ITU recommendations for the quantitative evaluation, the applied descrip-
tive methods diUer and make use of either interviews techniques or sensory evaluations. Until now,
no systematic comparison of the methods has been conducted to identify strengths and weaknesses
of the diUerent approaches. The goal of this study is an initial systematic and holistic comparison
of diUerent mixed-methods approaches by applying the developed comparison model. The study
will demonstrate the operationalization of the model as a research tool in a comparison of four
mixed-methods approaches for audiovisual quality assessment.
1This ratio is based on the current regulations for payment of researchers and (non-)scientiVc assistants in accordance
to the labor agreement 2011 for the German public service.
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6.2.1. Research method
6.2.1.1. Test participants
Fifty test participants took part in the study (see Table 6.3). All participants were recruited according
to the user requirements for mobile 3D television. They were screened for normal or corrected-to-
normal visual acuity (myopia and hyperopia: Snellen index 20/40), color vision using the Ishihara
test, and stereo vision using the Randot Stereo Test (≤60?arcsec). All test participants could be
classiVed as naïve assessors because they had experience neither in the domain of research nor in
subjective quality evaluation studies. All test participants passed the psychoperceptual evaluation.
Subgroups of the test sample were assigned randomly to one of the descriptive methods (Table 6.3).
Psychoperceptual
evaluation
Open ProVling of
Quality
Post-task interview Descriptive Sorted
Napping
Participants N = 50 N = 16 N = 17 N = 17
Gender and age [years] f / m: 26 / 24
Mean age: 23 (2.5)
f / m: 8 / 8
Mean age: 24 (1.8)
f / m: 9 / 8
Mean age: 23 (2.9)
f / m: 9 / 8
Mean age: 23 (2.5)
Table 6.3. – Characteristics of the test samples per method under comparison.
6.2.1.2. Test stimuli and stimuli presentation
The test stimuli and the stimuli presentation were similar to those in Study 4 (section 4.5). Even-
tually, there were six diUerent contents presented at two diUerent quality levels. Audio was not
impaired. The tests were conducted in a laboratory at Ilmenau University of Technology, and test
conditions were arranged according to the speciVcations in ITU-T P.910 [5]. DiUerent playlists
in pseudo-randomized orders were used during video presentation. During the psychoperceptual
evaluation, each test item was presented twice. In OPQ and the Descriptive Sorted Napping, each
item was presented once and a second time upon request of the test participant. In addition, test
participants were allowed to ask for later replay of speciVc test items during the Napping procedure.
6.2.1.3. Test procedure
For the diUerent mixed-methods approaches being tested, we combined a psychoperceptual eval-
uation with one of the three approaches. The three mixed-methods approaches of Open ProVling
of Quality, post-task interview, and Descriptive Sorted Napping were selected in accordance with
previously reported descriptive research methods in the Veld of audiovisual quality evaluations.
Psychoperceptual evaluation Psychoperceptual evaluation started with the test participants’
screening and the explanation of the test procedure. In the following training and anchoring, we
presented a subset of test items that covered the full range of constructed quality. Test participants
were asked to Vnd their best viewing position and to practice the evaluation task. We applied
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Absolute Category Rating (ACR) according to ITU-T P.910 [5] for the psychoperceptual evaluation of
the overall quality, rated with an unlabelled 11-point scale. The stimuli were presented one by one,
and the participants rated retrospectively their overall satisfaction. In addition, the acceptability of
overall quality was rated on a binary (yes/no) scale [57]. Each stimulus was assessed twice. After
a short break of about 10 minutes, during which the participants Vlled out a demographic data
questionnaire, the sensory evaluation was conducted.
Open ProVling of Quality Open ProVling of Quality was implemented in accordance with its
originally proposed four-step structure of 1) introduction, 2) attribute elicitation, 3) attribute reVne-
ment, and 4) sensory evaluation. During the introduction, test participants were familiarized with
describing sensations using their own words using the ‘apple task’. During the attribute elicitation,
a subset of 10 test items was presented one by one, each item twice. The participants were asked to
write down their individual attributes on a blank sheet of paper. They were not limited in the num-
ber of attributes, nor were they given any limitations on describing sensations. During the attribute
reVnement step, participants were asked to rethink (add, remove, change) their attributes before
deVning their Vnal list of words. In addition, we collected deVnitions and labels for the minimum
and maximum sensation for each attribute. The Vnal attributes were transferred to score cards.
The Vnal evaluation was then conducted on each test item based on the individual attributes. The
test participants rated the sensation of each attribute. The whole OPQ study was conducted in one
session in contrast to its original description.
Post-task Interview The post-task interview was conducted in accordance with the Experienced
Quality Factors approach of Jumisko-Pyykkö et al. [37]. A semi-structured interview was conducted
after the psychoperceptual evaluation based on a free-description task. During the interview, the
test participants were encouraged to describe their impressions of the overall quality as broadly as
possible. The semi-structured interview included main and supporting questions (Figure 6.2). While
main questions were asked several times during the interview with slight variations, the supporting
questions helped to clarify the answers given in response to the main questions. Only terms in-
troduced by the participant were used during each interview. No additional stimulus material was
used.
Figure 6.2. – Structure of the semi-structured interview in the post-task interview method, including main
and supporting questions.
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Descriptive Sorted Napping The descriptive sorted napping procedure is based on the ideas
of free perceptive mapping tasks and sorted napping [91, 96, 97, 100], but extends these methods
with a short post-task interview. In the Vrst step, test participants received a sheet of blank paper
(nappe: French for tablecloth) 65x47.5 cm in size (landscape orientation). In addition, they received
small white cards (6x5cm) numbered from 1 to 18. The test participants were told that the cards
represented the test items that would be presented one after another on the device. After each video,
they were place the card representing that video on the nappe in such a way that similarly perceived
videos were placed close together, while diUerently perceived videos were farther away from each
other. No limitations were placed on sorting the items on the nappe. After this instruction, we
played one video after the other. When a new video started, the test participant took a new card,
watched the video once, and placed the card on the nappe. The video was played again upon request.
Test participants were also allowed to request a replay of previous test items if necessary.
After the presentation of all test items, participants were asked to describe their nappe with
their individual attributes. This use of extended sorting tasks is known as Ultra-Wash ProVling
[141] or Sorted Napping [97]. In Sorted Napping, test participants draw a line around a group
of cards and describe the group with a set of individual attributes. Intersections between groups
are allowed. Because previous applications of perceptive mapping approaches had shown that the
results were limited to the two dimensions given by the nappe, we conducted a short post-task
interview after the sorted napping task. This semi-structured interview targeted 1) an additional
descriptive/explanatory level of the developed sorting and 2) an evaluation of additional attributes
that were not taken into account when creating the sorting (Figure 6.3).
Figure 6.3. – Structure of the semi-structured interview in the Sorted Napping method, including main and
supporting questions and a two-stage structure asking for attributes included or not included in the sorting
of the maps.
117
6.2. Study 6: Comparison of OPQ with related mixed-methods research approaches
6.2.1.4. Methods of Analysis
Psychoperceptual evaluation For the psychoperceptual evaluation, nonparametric methods (Kol-
mogorov-Smirnov: p < .05) were used for the analysis. Within methods, the results were ana-
lyzed using a combination of the Friedman and Wilcoxon tests. The unrelated data among methods
were analyzed applying Kruskal-Wallis, and pairwise comparisons were conducted with the Mann-
Whitney-U test [4]. Frequencies were counted for the acceptance ratings. PASW Statistics 18 was
used for quantitative data analysis. Analysis was conducted on the joint quantitative data set as
well as separately for the samples of each descriptive method.
Open ProVling of Quality The OPQ data were analyzed using multiple factor analysis compa-
rable to that used in Study 3 and Study 4 (sections 4.4 and 4.5).
Post-task Interview The analysis procedure of the interview data followed the ideas of data-
driven frameworks. Our analysis approach was based on the Grounded Theory framework by
Strauss and Corbin [66]. First, the interviews were transcribed, and meaningful pieces of data were
extracted. Second, we applied open coding to identify concepts and categories among the extracted
pieces of data. In a Vnal step, the codes were categorized into major categories and subcategories
[9]. The developed framework was reviewed by a second researcher and categorization was then
repeated by the researcher to calculate interrater reliability (Cohen’s Kappa [4]).
Descriptive Sorted Napping The maps of the descriptive sorted napping were transformed into
two diUerent data sets. The Vrst data set contains the position of each test item on the nappe in terms
of X and Y (Figure 6.4). The second data set describes whether a test item was described with an
individual attribute or not. By doing so, one gets a two-dimensional (X/Y) quantitative description
of the test items and a binary classiVcation based on the individual attributes. From these data sets,
a MFA based on the X-Y data with the attributes data set as supplementary variables was conducted
[202]. The interview data were analyzed in a manner similar to the post-task interview method.
With respect to the two main questions in the semi-structural approach of the interviews, separate
classiVcations were created for each question.
6.2.2. Results
6.2.2.1. Psychoperceptual Evaluation
Acceptance of Overall Quality Overall, the quality levels diUered in their acceptance scores.
The highest quality level qp30 reached an acceptance level of over 90%. While qp40 was close to
the threshold of an acceptance level of 50%, qp45 did not reach the 20% acceptance level. Figure
6.5 presents the acceptance levels averaged over methods as well as method-by-method. For all
methods, comparable acceptance levels were found.
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Satisfaction with Overall Quality Overall, the quality level had a signiVcant impact on the
perceived overall quality when averaged over the contents (all comparisons: <.001). Figure 6.6
shows that qp30 received the highest ratings while qp45 was signiVcantly rated worse on average
as well as in content-by-content comparison. To compare the descriptive results of the diUerent
methods, a common quality satisfaction among methods is necessary so that the same quality being
described can be assumed. The methods-wise analysis shows that only in Vve cases can slight dif-
ferences in the overall quality ratings be identiVed (dracula_qp30, theeye_qp30: P<.05; makro_qp30,
makro_qp40, skydive_qp45: P<.01). Nevertheless, the overall diUerences among the quality levels
are comparable across methods.
6.2.2.2. Open ProVling of Quality
The results of the Open ProVling of Quality evaluation are discussed in detail in Study 4 (see section
4.5). BrieWy summarizing for this comparison, the Vndings of OPQ show that the Vrst dimension
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of the MFA model separates the test items along the video quality (Figure 6.7). This dimension is
described with attributes like ’blocky’ or ’artifacts’ on its negative polarity and ’clear’ or ’3D eUect’
on its positive polarity (Figure 6.8). Along the second dimension, Dracula items were separated from
the other contents. This dimension is described with attributes like ’double images’ or, conversely,
’perceivable as one picture’ and correlates mainly to problems caused by perception of crosstalk due
to high disparity. The External Preference Mapping shows clear preference for items of high quality
level (Figure 6.7).
6.2.2.3. Post-task Interview
Experienced quality is constructed from components of visual quality (depth, spatial, temporal),
viewing experience, and interactions with other modalities (Table 6.4). Visual quality consists of
the three subcategories of spatial, temporal, and depth. Visual depth quality is characterized by the
test participants’ ability to detect depth and the impression that the depth perception creates. In
addition, depth is also described as diUerent layers of foreground and background and the ability to
detect the composition of the content on these layers. Furthermore, the erroneous nature of depth
perception in terms of double pictures was mentioned. Visual spatial quality is comprised of the
subcategories of sharpness, brightness, color, and resolution of the video, which all contribute to
the ability to detect objects, outlines, and details in the content. In addition, negative categories
like blur and visible artifacts were identiVed. The annoying impact of visible pixels and blocking
artifacts was mentioned by every test participant. Many of them also said that the blocking artifacts
hindered them from detecting details or correcting outlines of objects: “And because of the pixels
it became very hard to detect certain details” (male, 21). Finally, visual temporal quality summa-
120
6.2. Study 6: Comparison of OPQ with related mixed-methods research approaches
-10 -5 0 5 10
0
5
10
Dim 1 (44.25 %)
24h_qp30
24h_qp40
24h_qp45
dracula_qp30dracula_qp40
dracula_qp45
makro_qp30
makro_qp40
makro_qp45
skydive_qp30skydive_qp40skydive_qp45
streetdance_qp30
streetdance_qp40
streetdance_qp45
theeye_qp30
theeye_qp40theeye_qp45
D
im
 2
 (1
2.
17
 %
)
Figure 6.7. – Item plot for the Open ProVling of Quality. The gray arrows mark the quantitative preferences
of test participants from PREFMAP.
rizes the characteristics of motion from general mentions of motion to its Wuency and unimpaired
characteristics. This category was the least mentioned of the three main categories of visual quality.
Viewing experience described the users’ high-level interpretations of the system (media, content)
or the system’s inWuence on users’ perception. It extends the descriptions of quality beyond direct
characteristics of the stimuli (e.g., details, colors, artifacts). However, they emphasize the interpre-
tation of stimuli, including users’ knowledge, emotions, or attitudes, as a part of quality experience.
The most mentioned subcategory was Pleasantness and Interest which relates to the motivation of
a user to watch the content: “I don’t know if it was content-dependent or if it is just my personal
impression that I prefer this kind of videos over others” (female, 24). The comfort of viewing is
highlighted by the ease of viewing as well as the comparison of the system being tested to other
available audiovisual systems. However, 3D still caused negative eUects for some of the test partic-
ipants, summarized in the category of visual discomfort. Finally, the overall quality illustrates the
total impression of quality. Few attributes related to descriptions of audio and audiovisual attributes
were found.6
6.2.2.4. Descriptive Sorted Napping
The MFA result of the Sorted Napping analysis can be interpreted as a common perceptual sort-
ing map among test participants. The Vrst two dimensions account for 52.72% explained variance
(Dim1: 39.75%, Dim2: 12.97%). The item map (Figure 6.9) shows a separation of items into three
groups according to the diUerent QPs. Along dimension 1, QP30 and QP45 are the determining
parameters; QP40 separates along dimension 2 from the other two groups. The correlation plot
(Figure 6.10) underscores this trisection of items with three visible clusters of attributes. In general,
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Figure 6.8. – Correlation plot for the Open ProVling of Quality.
the three groups are described with attributes like ’best quality’ (QP30), ’medium quality’ (QP40),
and ’bad/worst quality’ (QP45). The group of QP30 items is correlated with attributes like ’sharp
images’, ’3D perceivable well’, and ’would watch it again’. QP40 items are described with attributes
like ’acceptable quality’, ’objects still detectable’, or ’makes no fun to watch’. The Vnal group of
QP45 is described with attributes like ’very blocky’, ’details not detectable’, and ’very exhausting to
watch’.
The classiVcation of the items and the underlying quality attributes are conVrmed in the results
of the post-task interview analysis (Table 6.4). We developed two classiVcations, one for explaining
the sorted maps and one for extending knowledge about additional quality factors not taken into
account while creating the sorting. The classes for descriptions of the map construct experienced
quality from components of visual quality (depth, spatial, temporal), viewing experience, and con-
tent. The component of visual depth relates to the perceivable 3D sensation and related artifacts
caused by perception of double pictures. For visual spatial quality, the dominating categories are
sharpness, resolution, and detection of objects and details for a positive description, as well as blurry
and visible pixels to describe degraded excellence of the stimuli. Visual temporal classes comprise
descriptions of motion in general as well as Wuent and clear (artifact-free) perception of motion. In
the main category of viewing experience, the description of the overall quality in general as well as
test participants’ interest in the content and related pleasantness are mentioned. The eUect of visual
122
6.2. Study 6: Comparison of OPQ with related mixed-methods research approaches
-2 -1 0 1 2
-2
-1
0
1
Dim 1 (38.76 %)
D
im
 2
 (1
3.
51
 %
)
theeye_qp45
dracula_qp45
makro_qp45
streetdance_qp45
24h_qp45
streetdance_qp30
24h_qp30
makro_qp30
dracula_qp30
theeye_qp30
skydive_qp30
makro_qp40
skydive_qp45
theeye_qp40
dracula_qp40 streetdance_qp40
skydive_qp40
24h_qp40
Figure 6.9. – Item plot of the Sorted Napping based on the MFA analysis.
discomfort resulting in a feeling of discomfort in the eyes was mentioned by most test participants.
The content class Vnalizes the descriptive classes in relation to the sorted maps.
The attributes not represented in the creation of the perceptive maps include only a few cate-
gories. The largest class is visual depth with the subcomponents of perceivable depth and related
perception of double pictures. Other visual categories are color and brightness and descriptions of
motion in general. For the category of viewing experience, some test participants described their
interest in the content as well as ergonomic aspects of the ease of viewing. In addition, visual dis-
comfort and 3D added value were mentioned. The content category concludes the classiVcation of
the interview data.
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6.2. Study 6: Comparison of OPQ with related mixed-methods research approaches
6.2.3. Systematic comparison of the methods being tested
For a systematic and holistic comparison of the Vve methods under assessment, the developed com-
parison tool with its selected attributes is applied to the results obtained from each method.
6.2.3.1. Comparison of test results
The test results are key criteria in describing the applicability and power of a certain research
method to answer speciVc research questions. The results of this comparison do have an impact
on other general comparison classes such as economy and excellence. The outcome of each method
and its impact on answering the research question are summarized in Table 6.5.
In general, all three descriptive methods extend the understanding of the preference order from
the psychoperceptual evaluation (Table 6.5). The descriptive results highlight the complementation
and convergence of results from diUerent research methods and underscore the positive features of
mixed-methods research. All results can basically explain the excellence of test items and the impact
of the underlying parameters. All results agree in terms of which components have the greatest
impact on the perceived quality and emphasize the importance of visual quality in the perception of
3D Quality of Experience. The results show descriptions of components by pairs of antonyms and
describe video quality based either on artifacts (blur, pixels) or on positive characteristics (detection
of details, sharpness). Other general components like depth perception and Wuency of content were
identiVed by all methods as well. However, there are also diUerences between the results of methods,
which will be discussed further.
Interview-based approaches The results obtained from the interviews (post-task interview and
Descriptive Sorted Napping) show the most detailed description of underlying components of qual-
ity (Table 6.4). The results underscore the manifold dimensions that impact the perceived quality
of mobile 3D video. Dimensions are weighted according to how frequently they were mentioned.
The analysis of open coding allows for taking into account attributes that were mentioned only a
few times. The Vndings underscore the interaction between the perception and description of ex-
cellence of the video according to Visual Depth, Visual Spatial, and Visual Temporal and the users’
high-level interpretations of the system (Viewing Experience). The semi-structured approach of
the post-task interview resulted in very detailed descriptions of main categories and subcategories.
The categories complement each other very well and form the most holistic quality descriptions.
They provide detailed information on diUerent aspects like 3D perception and its connection to
foreground-background separation as well as to the diUerence between perception and 3D impres-
sion or more detailed information on object detection. In contrast, the napping interview allowed
for the creation of a pseudo-hierarchical structure based on the descriptions of sorted attributes and
non-respected attributes of the sorted map. This hierarchy underscores the dominance of visual
quality and its superiority over depth perception. However, the interview results do not provide a
direct link to the psychoperceptual results beyond interpretation.
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Method Outcome Results
Psychoperceptual
evaluation.
Acceptance Scores for each item; Mean
Satisfaction Scores for each item
QP30 received the signiVcantly highest ratings in over-
all acceptance and satisfaction scores; QP40 was worst
rated in both scores
OPQ Two-dimensional MFA model; Corre-
lation plot of individual attributes and
MFA dimensions; External Preference
Mapping
Video quality and perception of crosstalk identiVed as
the crucial quality factors; descriptions of low artifact
level and perception of depth combined in good video
quality; diUerent impact of large disparity in Dracula
content - either perception of crosstalk or perception of
enhanced 3D impression; clear preference of users to-
wards artifact-free stimuli
Post-task interview Framework of components of 3D Qual-
ity of Experience for mobile 3D video
IdentiVcation of general underlying quality parame-
ters; Perceived quality consists of components of Vi-
sual Depth, Visual Spatial, Visual Temporal, Viewing Ex-
perience and Other Modalities; highest frequencies for
visible pixels, perception and impression of depth, and
pleasantness of viewing
Descriptive Sorted
Napping
Two-dimensional MFA model repre-
senting mean sorting of users; inde-
pendent components of 3D Quality of
Experience with respect to whether the
component is taken into account for
sorting
Mean sorting shows discrimination of test items ac-
cording to the diUerent QPs; correlation of individ-
ual attributes reveals discrimination in terms of per-
ceived video quality and diUers mainly between artifact-
free perception and perception of blockiness; Interviews
conVrm the general classes of post-task interview; most
important categories included in sorting are visible pix-
els and visual discomfort; most important categories not
included in maps are perceivable depth and double pic-
tures
Table 6.5. – Summary of the diUerent outcomes and results of the methods under comparison. The table
shows how each method extended the knowledge about the underlying quality rationale and deepened the
results of the psychoperceptual evaluation.
ProVling-based approaches Both proVling-based approaches can separate and discriminate the
test items in comparable ways. However, the characteristics of the developed maps are diUerent
between Sorted Napping and OPQ. The maps of the Sorted Napping can be interpreted as a mean
sorting of all test participants. Although they all separate the items only along the quality level, they
are distributed over two dimensions representing the two degrees of freedom on the nappe. Each
of the three obtained groups of items is described with a set of correlating attributes. In contrast,
the obtained item maps from OPQ a common low-dimensional model of individual higher dimen-
sional conVgurations. These results represent the most salient factors common to the individual
conVgurations and model these together with descriptive attributes. Lower impacting test items
and attributes (and other possible components of the Vnal model) are not very well represented in
the results and are very often neglected for the sake of clarity of results. Although the PCA helps
to identify the most salient and therefore the most critical items and components, it omits infor-
mation from the results that can be found in the interview data of the Descriptive Sorted Napping.
In contrast, regression methods allow for simple linking of sensory proVles from OPQ with the
psychoperceptual results.
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Overall, the results show that both interview-based and proVling-based approaches can identify
the critical components of 3D Quality of Experience. The strengths of the interview-based approach
lies in the creation of a very general component model of Quality of Experience that takes into
account the manifold dimensions and weighting of dimensions in terms of frequencies. Its weakness
is the possibility of modeling relationships between attributes and components. This shortcoming
is overcome by sensory proVling methods that allow for detailed modeling of critical components
and description of the components through correlation of attributes. However, these models are
derived only from the dominating attributes. Individual diUerences are often underestimated and
not represented in the Vnal models.
6.2.3.2. Comparison of durations
The time from the point when the test participant entered the laboratory until leaving it after the
test was measured to determine the conduction time (Table 6.6). The time for analysis was measured
from the beginning of the analysis until the Vnal results were available (Table 6.7).
Total Pre-Post test ACR Descriptive task
OPQ 103.4 (12.6) 24.1 (5.9) 33.3 (5.1) 40.5 (7.8)
Post-task interview 67.6 (10.1) 21.4 (6.4) 30.6 (6.0) 9.8 (2.0)
Sorted Napping
Napping / Interview
96.3 (11.8) 21.9 (5.6) 31.9 (5.5) 37.1 (8.2)
28.9 (8.2) / 8.2 (4.2)
Table 6.6. – Durations [in minutes per participant] for data collection for the diUerent methods. Values in
brackets show standard deviations.
Statistical analysis of the conduction time reveals signiVcant diUerences between methods for the
overall conduction time (Kruskal-Wallis: χ2 = 37.12, p < .001) and for the conduction time of the
descriptive tasks (Kruskal-Wallis: χ2 = 48.67, p < .001). No diUerences were found for the pre+post
test time and for the ACR (all comparisons: p > .05). Because no diUerences were identiVed for
the pre-post section as well as for the ACR, the diUerences in the overall time arise from diUerent
durations in the descriptive evaluations. A detailed analysis of methods shows that the post-task
interview was signiVcantly the shortest method (Interview vs. Napping: Z = -4.99, p < .001). No
diUerences were identiVed between OPQ and Napping (Interview vs. Napping: Z = -0.885, p > .05,
ns). However, a comparison of the Sorted Napping (without the interview) and the OPQ shows
signiVcantly shorter conduction time for the Sorted Napping (all comparisons: P< .001).
While the conduction time is rather easy to measure, measurements for analysis are hard to
determine. They depend on the skills of the researcher responsible for analysis. Another factor
is the way data are collected. Statistical analysis of the durations of analysis reveals signiVcant
diUerences between methods for durations (all comparisons: <.001). The duration for analysis of
Absolute Category Rating was not taken into account for the comparison because the length can be
seen as constant. No changes to ACR in terms of methods and analysis of conduction time revealed
any diUerences.
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Data preparations Analysis Total
OPQ 11.2 (1.8) 2.0 (est.) 13.2
Post-task interview 50.3 (9.5) 15 (est.) 60.3 (est.)
Sorted Napping
Napping / Interview
32.7 (10.8)
6.4 (0.9) / 26.3 (10.8)
12 (est.)
2.0 (est.) / 10 (est.)
44.7 (est.)
(8.4 / 36.3)
Table 6.7. – Durations [in minutes per participant] for data preparation and data analysis for the diUerent
methods. Values in brackets show standard deviations. Durations for qualitative data analysis and the
sensory analysis of FCP data are estimated (est.) based on my experience and knowledge.
6.2.3.3. Comparison of needed research personnel
For the presented comparison of research methods, the author assigned personnel to the diUerent
tasks according to experience obtained in previous studies. The comparison of methods in Table 6.8
led to the presented results, and all assigned workers were able to conduct their tasks as expected.
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Open ProVling of Quality Expert Assistant Assistant Helper Expert Expert - Expert
Post-task Interview Expert Assistant Expert Helper Expert - Expert Expert
Descriptive Sorted Napping Expert Assistant Expert Helper Expert Expert Expert Expert
Table 6.8. – Assigned research personnel for the subtasks within each method being compared.
6.2.3.4. Comparison of costs per study
Finalizing the comparisons of methods, the costs for each method can be calculated. I calculated
the relative costs as the product of the duration of each task and the relative costs per task for the
assigned research personnel. As relative costs, a ratio of 1:2:4 for helper:assistant:expert is taken
as a basis for the calculations. For the comparison, I disregarded costs for planning the study and
recruitment because I assumed them to be constant for each method. The costs can be found in
Table 6.9.
6.3. Discussions and Conclusion
The goal of this section was a holistic comparison of the Open ProVling of Quality approach to
other related mixed-methods approaches. The literature review on criteria for comparisons showed
that holistic comparisons need to take into account a set of criteria rather than only one aspect at a
time to oUer a complete picture of strengths, weaknesses, and limitations of the diUerent methods,
from planning to interpretation of results. Based on a Vrst conceptual attempt to operationalize the
component model for structured comparison of methods, three diUerent methods were contrasted
within this section: Open ProVling of Quality, post-task interview, and Descriptive Sorted Napping.
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Conduction of
test
Preparation of
data
Sensory data
analysis
Interview data
analysis
Total
Open ProVling of Quality 206.8
(103.4 * 2)
11.2
(11.2 * 1)
8
(2 * 4)
- 226
Post-task Interview 270.4
(67.6 * 4)
50.3
(50.3 * 1)
- 60
(15 * 4)
380.7
Descriptive Sorted Napping 385.2
(96.3 * 4)
32.7
(32.7 * 1)
8
(2 * 4)
40
(10 * 4)
483.5
Table 6.9. – Relative costs per participant [costs per participant] for the methods being compared. Each cost
was calculated as the product of the duration per task and the relative costs per assigned researcher per
task (see brackets).
The discussion of the results of the methods comparison is constrained by the following limita-
tions. First, the applied comparison model is a Vrst conceptual model. The operationalization of the
studied comparison components is restricted to easily measureable aspects. More complex aspects
as well as further reVnement of the current concepts need to be considered. Second, latest devel-
opments in the compared methods are not yet considered. The post-task interview methods have
recently been extended with methods of correspondence analysis that have not been conducted [9].
Third, the measures of duration for the qualitative analysis of interview data are based only on
estimations because thorough measures of durations were not possible due to analysis of data be-
ing divided among several researchers. However, the results of the conducted study oUer valuable
information about strengths and weaknesses of the methods being compared and can be used to
eventually formulate guidelines for practitioners to select descriptive (mixed) research approaches.
Decisive for the principles of validity and reliability of the methods is the comparison of test
results. In the currently operationalized comparison model, test results need to be discussed as the
outcome of a method in relation to the underlying research question. In general, the results of the
methods are comparable to each other and are also consistent with the Vndings of other studies
[58, 152][226] emphasizing validity and reliability of the methods. All methods were able to identify
the most crucial quality factors either by contribution to the MFA model or by frequencies in the
qualitative analysis. However, the results also show diUerences in the details of components. While
sensory evaluation-based approaches like OPQ or the Sorted Napping restrict the models to the
most salient factors and neglect the impact of lower dimensions, interview-based approaches oUer
possibilities for eliciting a wide and general set of components of Quality of Experience. However,
they are not able to provide models that can be linked to quantitative preferences.
Beyond test results, the methods were compared based on criteria of durations, research person-
nel, and relative costs. Although these comparisons are only a Vrst attempt to extend the compar-
isons towards more holistic aspects, the results show diUerences between the methods but also oUer
possibilities for improving these towards a Vnal set of evaluation methods. While the time needed
to plan the studies was not taken into account and was assumed to be constant for all methods, the
comparison of durations for conducting and analyzing the studies shows large diUerences. While,
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for sensory evaluation approaches, the time to conduct a study is signiVcantly higher in contrast
to interview-based approaches, the durations for analysis of interview data exceeds those of the
sensory evaluations. Durations for analyzing sensory data may even be shorter when evaluations
can be GUI-based because the measuring task for the ratings can be omitted 2.
Second, the assigned research personnel and the resulting relative costs per method were com-
pared. The assigned research personnel do have impact on the overall costs of the study. The
personnel comparison shows possibilities of decreasing costs for each method. The results in re-
lation to the relative costs indicate that training of personnel (assistants) to conduct the study can
signiVcantly decrease costs for the methods. In the current comparison, interviews were conducted
and analyzed by experts. Training assistants to conduct a study may lead to half the cost for these
methods. Such a decrease of costs for conducting the interview-based studies may compensate for
the greater expense, allowing the Vnal decision on a research method to depend on the targeted test
results. Based on this information, the following recommendations for choosing a method can be
made:
Open ProVling of Quality
OPQ is the method to choose if practitioners target a statistical model of quality factors that
can be used to explain users’ quality preferences. Open ProVling of Quality may be chosen
for evaluations of technological milestones within a system development process to identify
the impact of related system parameters on the users’ perceived quality in models.
Strengths: Development of statistical models; large set of methods of analysis to study
diUerent aspects for broad understanding of the test results; focus on common results
as well as individual diUerences; analysis based on statistics and interpretation of prac-
titioner after all analysis is completed.
Weaknesses: Strength and completeness of the models depends on the abilities of test
participants to evaluate quality based on their individual attributes; GPA/MFA analysis
builds models on high impact attributes and restrains low impact components for the
model.
Post-task Interview Interview-based approaches are a light-weight data collection proce-
dure that can be used to elicit a detailed set of quality factors to understand the general char-
acteristics of quality. Post-task interviews may be chosen at the very beginning of a system
development process to be able to identify the range of users’ quality factors.
Strengths: Provides a wide and general set of quality factors; can be used for evalua-
tions in the context of use to identify quality factors beyond system-related parameters;
light modeling of attributes could be achieved by further analysis (e.g., correspondence
analysis).
2Within these studies, the OPQ evaluation was done using pen and paper to avoid oUering an unintentional 2D reference
to the 3D screen on which the stimuli were presented.
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Weaknesses: Requires good skills of practitioner for conducting semi-structured inter-
views; large eUort of data analysis; interpretation of data starts during the open coding
analysis.
Descriptive Sorted Napping The proposed approach of Descriptive Sorted Napping is a
good compromise between OPQ and post-task interview that allows identifying the most
crucial quality components in the sorted map and enriching the data with a set of descriptive
components. Descriptive Sorted Napping may be chosen for quick insights into dominating
quality factors and light hierarchical knowledge about the set of general components.
Strengths: Method can be easily modularized (Sorted Napping only) to oUer quick ’from-
time-to-time’ evaluation of dominating quality factors; easy to understand for users and
no extensive development of individual vocabulary needed.
Weaknesses: Nappe limits the dimensions for sorting so that more complex relationships
(e.g., audiovisual interactions) may not be identiVed; abstraction through cards neces-
sary because videos cannot be sorted in the mobile scenario.
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7.1. Summary
The overall goal of this thesis was the development of a validated mixed-methods research ap-
proach for audiovisual multimedia quality assessment. The Open ProVling of Quality approach was
developed through constructive research in a series of studies in the Veld of mobile 3D television
and video. A total of six experiments were thoroughly reported. More than 300 test participants
took part in these evaluations. The results of these studies have been published in 8 main and 12
supplementary scientiVc publications in international peer-reviewed journals and scientiVc confer-
ences. The eventually developed method of Open ProVling of Quality was accepted as a proposal
for standardized activities of ITU-T SG12 on Q13/12 “QoE, QoS and performance requirements and
assessment methods for multimedia including IPTV” in January 2011 [225].
Two research questions formed the basis for the presented work of the thesis. The main research
problem targeted the development of a mixed-methods research approach for audiovisual quality
evaluations. This methodological approach led to the development of Open ProVling of Quality.
The second research question targeted the constructive application of OPQ in the evaluation of
mobile 3D television and video systems. The results deepened the knowledge about underlying
quality factors of Quality of Experience.
“How can quantitative and descriptive data collected in audiovisual quality as-
sessment be combined into a mixed-methods research approach that is appli-
cable for quality evaluations with naïve assessors?”
The developed Open ProVling of Quality combines standardized quantitative, psychoperceptual
quality evaluations and descriptive analysis adapted from Free-Choice ProVling. Based on a litera-
ture review, diUerent research approaches to study subjective quality in multimedia systems were
identiVed and contrasted. This review underscored the importance of including the users in mod-
ern quality research to arrive at a deeper knowledge about their individual quality perceptions using
descriptive evaluation approaches.
Further, the literature review revealed the aspects of multidisciplinary approaches. Based on
the socio-scientiVc, theoretical mixed-methods research model, standardized quantitative methods
from multimedia engineering have been combined with descriptive methods stemming from the
food sciences in the proposed Open ProVling of Quality approach. Open ProVling of Quality is a
mixed-methods approach that combines the evaluation of quality preferences and the elicitation
of idiosyncratic experienced quality factors using quantitative psychoperceptual evaluation and,
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subsequently, an adaptation of Free-Choice ProVling. The two data sets are Vnally linked by using
techniques of External Preference Mapping, which was missing in related descriptive methods [69,
118]. OPQ was constructed under the constraints of good experimental research with respect to
validity and reliability.
The theory of sensory analysis demands an application of a new method within a series of stud-
ies to validate its applicability and to show its potential [63]. OPQ was developed in constructive
research in a series of studies on the subjective quality of mobile 3D television and video. Each
study focused on a diUerent aspect of research and underlying research questions varied widely.
Beyond the development of Open ProVling of Quality, the methodological work within this thesis
was complemented with the development of the Extended-OPQ approach and a comparison model
using systematic comparison of mixed-methods research approaches. The developed Extended-OPQ
method enables researchers to develop a common set of components of Quality of Experience from
the individual quality factors collected in a series of OPQ studies. The set of individual deVnitions
per attribute, which test participants develop during their OPQ sessions, is used in an open-coding
approach to formmain categories and subcategories of QoE components. The application of qualita-
tive methods of analysis enables researchers to combine the Ext-OPQ approach with other descrip-
tive (interview-based) data sets. The validity of the Ext-OPQ method and its outcome was evaluated
in a consensus-vocabulary proVling approach. In this method, the ideas of Quantitative Descriptive
Analysis were adapted by substituting the time-consuming vocabulary development with an op-
erationalization of the QoE components developed in the Ext-OPQ. The juxtaposition of OPQ and
CP results show good agreement between the methods and underscore the validity of the Ext-OPQ
approach and its operationalization for consensus-vocabulary-based quality evaluations.
Concluding the methododological work of the thesis, an extensive between-methods comparison
was conducted to increase the knowledge of beneVts, applicability, and limitations of OPQ and
related mixed-methods approaches. The basis of the comparison was a model that extends the
focus of one part (mostly results) of the method to a holistic comparison of aspects of excellence,
economy, implementation, and assessment to take into account the whole complexity of a method
from planning to analysis [187–189]. This thesis operationalized the model in a Vrst conceptual
approach to compare Open ProVling of Quality to an interview-based evaluation and a sorting-based
Descriptive Napping approach, which were identiVed in the literature review as the three main
approaches within related mixed-methods quality research [37, 38]. Overall, the comparison shows
converging results in terms of identiVed quality factors. It indicates also the good applicability of
OPQ to identify and model individual quality factors (c.f., interview-based methods) in which it does
not restrict the dimensions of quality as sorting-based approaches do. The results of the comparison
oUer guidelines for practitioners to select and use a proper mixed-methods approach with respect
to research questions, Vnally leading to safe long-term development of these methods [9].
A summary of the results of all conducted studies shows converging and complementing results
that indicate the validity and reliability of the developed method. The Vrst four studies underscore
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diUerent aspects of internal, external, and construct validity and show that the method can be
applied to study subjective audiovisual quality with naïve participants (section 4.5.3). The results of
the OPQ method are reliable internally and externally in a comparison among OPQ studies as well
as related work on (mobile) 3DTV quality evaluations, respectively. The thesis includes extensive
guidelines for planning, conducting, and analyzing an OPQ study. With respect to validity, a detailed
guideline is necessary to avoid instrumentation eUects and incorrect applied statistics that may
otherwise threaten the internal validity of OPQ. In addition, all studies were conducted by a team
of trained assistants or experts so that the threat of researcher expectancies was avoided. Further
discussion of validity and reliability can be made based on the Extended-OPQ approach (Study
5, section 5.3) and the comparison of related research methods based on the comparison model
(Study 6, section 6.2). The results of the External-OPQ approach and the comparison of OPQ and an
operationalized CP method based on consensus vocabulary overcome the threat of mono-method
bias and conVrm the identiVed OPQ models for other sensory evaluation approaches. Further, the
analysis shows that naïve participants are able to consistently apply Vxed attributes to evaluate
good and bad video quality although problems in describing crosstalk and ghosting eUects still
exist. Finally, Study 6 compares three related descriptive evaluation approaches and shows that
all methods measure the same construct of quality though diUerences in the detail of the models
contribute to validity and reliability of OPQ in comparison to other methods of the state of the art.
“Which are the critical quality factors in mobile 3D video and television, and
how do they impact the overall Quality of Experience of the system?”
Within a constructive research approach of developing Open ProVling of Quality, the author applied
OPQ in a series of studies to the Veld of quality evaluations for mobile 3D television and video.
The results of these studies deepened the knowledge about quality aspects of these systems and
showed that Open ProVling of Quality can explain quality preferences of naïve participants beyond
quantitative ratings.
Most important, the results allow explaining the excellence of mobile 3D video parameters by
showing a relationship between video quality and depth perception. The importance of these two
components was already identiVed in the 3D Quality of Experience model by Seuntïens [152], but
it is now extended by Vnding a hierarchical dependency structure in the OPQ models. Descriptions
of depth perception are included in the attributes for good video quality within all models, so added
value from the 3D perception is only experienced by users when the amount of perceivable visual
artifacts is low. Without the sensory extension to quantitative methods, this model was only as-
sumed. In contrast, sensory data alone would not allow mapping users’ preferences into the model.
The Vndings were approved by application of other research methods within this thesis as well as in
related studies on mobile 3D video [58] that emphasizes the reliability of Open ProVling of Quality.
While the GPA/MFA models of the OPQ studies are dominated by the most salient components,
the Ext-OPQ approaches broadened the understanding about underlying quality factors of naïve
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users for mobile 3D video. This extension was able to identify a set of components for Quality
of Experience of mobile 3D video and television that consists of the main components of Visual
Quality (Depth, Spatial, Motion), Viewing Experience, Content, and Other Modalities Interactions.
The Ext-OPQ approach and the possibilities for joint data analysis of other descriptive data made
it possible to derive a general set of QoE components instead of study-dependent characteristics.
The results of an operationalization of these components within descriptive evaluations show valid
results in comparison to common OPQ models.
Beyond the identiVcation of common quality factors, the results of the OPQ approach show that
consumers have diUerent preferences of modalities from which they derive audiovisual quality fac-
tors. Especially, the dominance of visual and auditory channels for diUerent users was identiVed. In
addition, the impact of quality factors is diUerent for users. The results show largely diUering results
for some participants in perception of crosstalk while for others crosstalk leads to an increased 3D
experience and, consequently, to high acceptance and quality satisfaction ratings.
7.2. Limitations
The main limitation of the work must be seen in the constructive research approach, which was
restricted to the evaluations of mobile 3D video and television. Validity and reliability of the OPQ
evaluation depend strongly on the Veld of research in which the method is applied. Although
research questions and quality parameters in the studies varied signiVcantly, the developed models
of perceived quality were dominated by speciVc aspects of 3D video. More general aspects were
identiVed in the Ext-OPQ approach, but still work is needed to generalize the Vndings of this thesis
to Quality of Experience of large-screen 3D television or towards non-stereoscopic 2D television.
A second limitation within the practical work arose from the strong emphasis on video within the
development of MOBILE3DTV, in which my work for the thesis was embedded. This restricted the
audiovisual evaluations in terms of a large set of visual quality parameters and limited the audio
parameters being assessed. In addition, the range of perceived qualities within and among studies
was quite large so that the assumption that individual proVling may fail due to small impairments
and narrow quality ranges could not be studied [89].
In relation to the methodological work, aspects of validity with respect to the ability of users to
formulate individual quality attributes need to be taken into account for full validation. Within the
development of OPQ, the author identiVed the importance of thorough introduction of test partici-
pants to the sensory evaluation and used the apple task to explain what they were supposed to do.
Although this task helped many test participants to understand their task, a large variation in the
number of attributes can be found in the studies. Additional screening methods like a verbal Wuency
test may help to create a common basis of ability to generate quality attributes among test partic-
ipants [203, 204] for internal validity in terms of test sample selection. Another aspect that needs
to be considered is the comparison of the results of OPQ to those given by experts in the domain
of 3D video quality. The focus of this study was on the evaluation of quality by naïve participants,
136
7.3. Further work
but comparable results from naïve assessors and experts further validate that OPQ is applicable
for evaluation of quality by naïve participants. With respect to reliability, especially the aspects of
internal consistency and interrater reliability need deeper evaluation. Due to the duration of the
OPQ method and a multi-session design, test-retest or half-split reliability tests were not conducted
within this thesis, thereby limiting the internal consistency of the method. Further, the order of
quantitative and sensory evaluation was not varied, which may also aUect OPQ’s internal reliabil-
ity. With respect to interrater reliability, comparison of researchers’ interpretations of MFA models
was exemplarily conducted, but no statistical approaches have yet been identiVed for calculating
Kappa values or similar measures available in other descriptive methods.
7.3. Further work
Further work need to focus on methodology-related work on optimization of the Open ProVling
approach. Still, the use of the original OPQ method requires participation of assessors in multiple
sessions or long one session designs (Study 3 and Study 4 in section 4). Further research needs
to investigate order eUects of quantitative and sensory evaluations that may allow for a combined
psychoperceptual and sensory evaluation within the same task. Optimized OPQ assessment in terms
of duration can also decrease the risk of drop-out rates, which can be a problem of construct validity
in multi-session studies [6]. Although this problem did not occur in the presented studies, it is good
for practitioners to keep this limitation in mind if considering small sample sizes for the sensory
proVling task.
Other aspects for further development of the OPQ method largely concern the sample selec-
tion and the test procedure. For multimodal quality evaluation studies with naïve participants, it
is worth considering a well-validated tool for identifying the groups of diUerent information pro-
cessing styles [114]. The author’s experiences during the development of OPQ have repeatedly
highlighted the importance of training and careful attribute development for sensory evaluation. In-
dividual diUerences in the ability to describe properties accurately are not only a typically reported
challenge in the food sciences [77], but they also seem to be present in multimedia quality studies.
Problems can occur when inaccuracy adds noise to the sensory data, which can limit the quality of
results [82]. Further work needs to take into account possible improvements of individual’s vocab-
ulary by adding supporting tasks beyond the suggested ‘apple task’ to facilitate assessors’ attribute
elicitation. Possible methods are the Repertory Grid Method [78–81, 117] or Natural Grouping
[205][228]. Other researchers have proposed additional screening tools like a verbal Wuency test
[203] during the sample selection to take into account diUerent abilities in expressing sensations
[204]. However, not only selection of samples but also identiVcation of outliers within the sensory
evaluations must be considered. Guidelines for detecting outliers in sensory data are needed. While
in quantitative results, outliers can be detected and removed [5, 39], sensory evaluation methods do
not provide robust methods that can be applied to that end. However, the residuals given for each
conVguration after GPA or MFA show large diUerences between the most important (low residual)
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and the least important conVgurations (high residual). These residuals may provide the possibility
for outlier detection [206].
Beyond the methodological optimization of OPQ, a set of mixed-methods evaluation tools can
also help to identify the most salient individual diUerences among users and lead to the creation of
user proVles that take into account diUerent processing patterns in audiovisual quality perception.
In further work, the inWuence of diUerent processing styles on multimodal quality perception un-
der diUerent quality levels and heterogeneous stimulus material needs to be addressed in detail to
conVrm the phenomenon. Furthermore, for the practitioners of audiovisual quality, a well-validated
tool is needed for identifying the groups of diUerent information processing styles and reporting
these groups to characterize a test sample.
Finally, this thesis also proposes further adaptations of the Open ProVling of Quality methods
with other descriptive evaluation approaches. The adaptation of Conventional ProVling, the in-
troduction of Descriptive Sorted Napping, and the comparison of OPQ to these related research
methods have shown that the selection of a proper research method from the available set of tools
needs to be conducted carefully. The proposed comparison model and its Vrst conceptual oper-
ationalization have further indicated that extensive between-methods comparisons are needed to
identify the abilities and limitations of the diUerent methods. Further work needs to be conducted
to guide practitioners towards an optimum selection of research methods that will Vnally lead to a
safe long-term development of the diUerent methods.
The application of Open ProVling of Quality in the Veld of mobile 3D television has shown that
OPQ is a valuable research method for research problems in which a complex Veld of technical qual-
ity factors needs to be evaluated. Especially, the challenge to investigate perceptions that only exist
subjectively, like the 3D video perception, can be applicable Velds for OPQ evaluations. Comparable
problems can be found in evaluation of spatial audio and the questions about subjective envelop-
ment or the evaluation of binaural rendering, for which an explicit reference does not exist because
it is purely an eUect of individual perception [207, 208]. Further applications could be evaluations
of text-to-speech algorithms in which also the problem of interaction of artifacts and the intelligi-
bility of text occurs. For the domain of audiovisual quality evaluations, further applications of Open
ProVling of Quality may help to deepen understanding of the interactions of auditory and visual
perception. Beyond this thesis, audiovisual (3D) stimuli can be evaluated at high-quality levels to
understand the eUects of audiovisual integration.
7.4. Conclusion
To conclude, Open ProVling of Quality is a validated tool for mixed-methods evaluations of subjec-
tive, audiovisual quality. It has been developed in constructive research in which special care was
taken to make the method applicable for evaluations with naïve test participants. Beyond the de-
velopment of Open ProVling of Quality, the work in this thesis has also shown shortcomings in the
methods and proposes adaptations and extensions to address these shortcomings. The Extended-
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OPQ approach and the development of a comparison model are two additional important outcomes.
Eventually, the proposed methods complement the User-centered Quality of Experience evaluation
framework in which the work was embedded.
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B. Thesen
1. Methods of sensory evaluation are descriptive research tools which can be used to extend
quantitative evaluations of hedonic excellence with elicitation of individual quality factors.
2. Open ProVling of Quality is a validated mixed methods research approach applicable with
naïve participants which combines standardized psychoperceptual evaluation and an adapta-
tion of Free-Choice ProVling. The two data sets can be linked in methods of External Prefer-
ence Mapping.
3. Mixed methods research approaches diUer in strengths and weaknesses which need to be as-
sessed and understood to be able to select the proper approach to speciVc research questions.
The diUerent approaches developed frommethods of semi-structured interviews, sensory pro-
Vling, or perceptive mapping can complement each other within diUerent phases of technical
system optimization.
4. Holistic comparison of mixed methods research methods needs to go beyond constrasting
outcomes and must include aspects of costs, duration or personnel eUort for systematic com-
parisons.
5. The perception of mobile 3D (autostereoscopic) television shows a hierarchical dependency
of the two most impacting quality factors video quality and depth perception. Added value
provided by depth perception is only perceived when the video is free of visible artifacts.
6. Modern quality evaluation studies need validated tools to describe the test sample beyond
visual acuity, 3D and color vision, and hearing threshold. Especially in audiovisual quality
evaluations, results can be biased due to diUerent processing styles of test participants to-
wards audio and video. In 3DTV research, bias can occur due to diUerent perception of large
disparities which can either result in very good perception of depth or, negatively, in percep-
tion of crosstalk.
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